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PREFACE 
The ~ngineering Research Center at Colorado 
State Univer:;;ity is located between two lakes, Horse -
tooth Reser-...oir of the Colorado Big Thompson Pro -
ject, and Cc:..lege Lake . The laboratores of the 
Center were strategically placed to utilize the high 
head, 250 f~ t, available from the reservoir and the 
storage capc=::ity of the lakes . The Center is the 
focc.l point f r research and graduate education. 
The~ are five principal parts to : he Center: 
the offices fer staff and graduate students, the 
hydraulics la:ioratory, the flu id dynamics laboratory, 
the hydrome• hanical laboratory and the outdoor hy -
drau:ics - h~rology laboratory. The reserach activ -
ities of the c 3nter are fluid mechanics, hydraulics, 
hydrology, g-ound - water, soil mechanics, hydro-
biology, geonorphology and environmental engineer -
ing. 
The ~ draulics laboratory includes 50,000 
square feet rx floor space in which basic and applied 
research act-vities are undertaken . The floor of the 
laboratory is constructed over a large sump system, 
having one acre foot capacity, which permi: s recir -
cul ation of w- ter through the various research 
facilities . G ,e nerally, pumps are used for recircu -
l ation but the high head and lar ge flow capac ity from 
the reservoir can also be utilized . 
The Center includes well equipped machine 
and woodwork shops . All research facilities of the 
Center are constructed on site and in the case of 
this model study, necessary metal work, carpentry, 
and nearly all the plastic work was done by personnel 
in the shops. The shop personnel are partic ularly 
well experie nced in the art and skill of model con -
3truction. 
This model study was undertaken by Colorado 
State University with close coordination with Tippetts -
Abbett - McCarthy- Stratton (TAMS) of New York, for 
whom this work was done . The urgent need oi hy -
draulic information for purposes of planning and 
design was recognized from the beginning and all 
information obtained from the model studies relevant 
to those purposes were transmitted to TAMS in 
advance of this report . Decisions affecting model 
construction tests or testing program, or time 
schedules were made with mutual c onsent through 
assessment of appropriate information and considera-
tion and accord with project planning. 
Grateful acknowledgment is hereby expressed 
by the writers to personnel at TAMS for their o -
operation, to personnel of the shops for their 
ingenious contributions in solving model construction 
problems, particularly in the metal works, and to 
o: hers contributing to the model study and the pre -
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Test Program for Tarbela Penstock Manifold Model 






A hydraulic model study of the Tarbela Dam 
penstock manifold was performed . Specifically, 
pressures and velocity distributions within the mani -
fold were observed. 
The manifold performed satisfactorily for a 
variety of discharge distributions representing the 
entire range of prototype operation . No abrupt pres -
sure changes or unusual veloc ity distributions which 
would inc.icate poor flow characteristics in the proto -
type were observed. Form loss coeffic ients and 
junction loss coefficients we r e calculated for the 
manifold. 
viii 
The bypass relief valve and branch exhibited 
satisfactory hydraulic performance . Branch loss 
coefficients were calculated for the bypass relief 
connection. Installation of a butterfly valve upstream 
from the bypass relief branch connection produced no 
adverse effects jownstream with this valve leaf in -
stalled eithe r vertically or horizontally. 
The model const ruction, details of the tests 
performed, and mettod of calculating the coefficients 
are described in this report. 
INTRODUCTION 
Ge neral Descr-pt ion of Project 
Tarbe l c Dam, proposed for co:1st ruc tion on 
the upper Indui: in West Pa kistan, is a m ajor feature 
in t he sys tem d works impleme nting the Indus Wate rs 
Treaty and the 1ndus Basin Developme nt Fu nd Agree -
ment of 1960. The dam site is some 29 miles up-
stream from tr.e Attack bridge, which is about midway 
betwee n Rawalp,indi and P e shawar in the no rthe rn 
part o: West P:..kistan. The dam will ·:Je t he first 
step in a l ong range plan to devel op extensive off -
channel storage . It will also make possible a n 
ultimate instal : ed hydroelectric gene r a ting capacity 
of 2 , 100, 000 ICW . 
The dan, shown in Figure 1, c onsists of an 
e mba nkment ac ross the 9, 000 - foot width of the main 
river -.alley, a group of four tunnels t:J provide for 
powe r and irri.:ation releases in the right abutment, 
two saddl e spiLways cut t hrough the r:Jck of the l eft 
bank and dis ch:a rging into a side valley, anc: two 
auxiliary emba..1km e nt dams to c los e the upstream 
e nd of t he side -valley. 
The Ta ~bela r eservoir will have a gross 
storage capaci-y of 11.1 MAF (e l evation 1550) and a 
capaci ty at the assumed minimum drawdown o f 1. 8 
MAF (elevatior 1300), providing a net usable capacity 
of 9. 3 MAF. ~he assumed minimum leve l of draw -
down, e levatima 1300 , w ill provide a depth of about 
200 feet of water at the dam . The full reservo ir 
de pth will be a-:,proximately 450 feet . 
The fotr t unne ls will serve for river diversion 
during the fi na - stages of construction and, ultimately, 
for po·.-.·er and rrigation releases. Tunnels 1 and 2 , 
closest to the 1:ive r channel, will be uaed first for 
diversion and be n for powe r. Each tunnel will s erve 
a group of four turbines and generators, eac h of 
175,000 KW ca=iacity, as shown in Figure 2(a) . 
Tunnels 3 and -= will be used for dive rsion d uring 
construction ar-<l later for irrigation r e l eases . Tunnel 
3 will eventual-y be converte d to s erve the thi rd s tage 
of power devel pment, as shown in Figure Z(b). 
Description of Pe nstock Manifold 
Details of the prototype manifc ld are shown in 
Figure 3. The manifold connects the 43. 5 - foot 
diameter pe nstoc k with four 16 - foot diameter turbine 
scroll case inlets. The header diameter is 36 feet, 
31. 0 feet, and 24. 5 feet a t branch connect ions 1 1, 2 
a nd 3, res pectivel y . Downstream form branch 
connection 3, t he header diameter reduces to 20 feet 
a nd subsequently from 2 0 feet to 16 feet at branc h 4 . 
Conical transitions with a 20° included a ngle are us e d 
a t branch connections 1, 2 and 3 to r educ e the dia -
meter to 16 feet at the branch inlets . In plan , all 
branch centerlines intersect the header ce nterline at 
an angle of 7 o0 • 
Scope of t he Mode l Study 
The purpose of the model study was t 
quantitativel y as well as qualitatively evaluate the 
hyd raulics of :1ow through the manifold for various 
discharges through the branches . The s pecific 
objectives are liste d be l ow: 
1. Determine through pressure data and 
velocity profiles t he flow characte ris tics 
within the manifold for diffe r e nt discharges 
through the branches . 
2 . Measure pres sures and pressure flu c tua-
tions on the boundaries . 
3. Calculate form loss coeffic ients at 
c hanges in cross - section of the ma nifold and 
junction loss coefficients for the manifol d 
branch connections. 
4 . De :ermine the e ffects of the branch c on-
nection to the r e lief valve on veloc ity dist ri-
butions a pproac hing the turbines . 
5. Determine the e ffect of a butterfly valve , 
installed upstream from the bypass relie f 
branch connection, on pressures and velo -
cities immediately downstream from the 
butterfly valve . 
The b ranche-3 a r e numbe r ed 1, 2, 3 and 4 upstream to downstream . Refe rence to the various 
branc hes or branc h connec tions, he r eafter in t his report, will be by t he numbe rs, for example , 
as b ranch carnection 1. 
N 
FIGURE GENERAL PLAN OF TARBELA DAM 
I $ iL22!!S 
7-- -., 
FIGURE 2 (a) FUTURE POWER - TUNNELS I a 2 
' I , ,





I - .... ,' 
!!!I $ 
Top or Wall £ 1.1132 





FIGURE 3 DETAILS OF THE PROTOTYPE MANIFOLD 
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Model Criteri..3. 
The pi=pose of this model stu::ly is to predict 
prototype behcVior. Therefore, t he principles of 
similiwde are appl ied to determ ine , in so far as 
possi::ile, an i dication of full scale phenomena based 
upon model te ts. Dime nsional analysis indicates 
VD 
that the Reyna:..ds number { - -) and Euler number 
( l:iP ) ·f· · h~ I . k P V 2 are &gm 1cant in t 1s case . t 1s nown 
from fluid me• hanics theory that the Reynolds number 
governs for fr-_ction losses in a close:l cond uit and 
that the geometry governs the form losses. 
When\. orking with hydraulic models, the 
Reyno:ds critEria can not be readily satisfied since 
it calls for al□ost prototype scal e due to the c harac -
teristics of th water. Therefore, in such studies, 
the scale is =de as large as possible in order to get 
the Reynolds n.imber sufficiently large so that the 
friction becorr:es a function of t he boundary roughness 
(e/D} and esS=ntially independent of :he Re;ynolds 
number as ind..cated in Figure 4. Althougt the model 
and prototype ::iperate at different Re;'nolds numbers 
and have diffe ::-e nt boundary roughnes3 the friction 
losses in each:case can be computed :iuite acc urately. 
The B ureau of Reclamation's report "Friction Factors 
for Large Corduits Flowing F ull "{Z)Z gives friction 
factors m easu=-e d in conduits approching the size of 












A geometric scale rat io of 1 :24 was chosen 
to const ruct the mode l. T hi s ratio was determined 
from an analysis of : ease of construction, construc -
t ion tolerances, available facilities, and e concmy . 
A maximum discharge of about 4 cfs was provided 
through eac h branc h. At this discharge the losses 
in the model could be accurately measured and the 
friction losses computed . 
If the model and prototype are geometrically 
similar, then the form losses can be accurately 
dete rmined from the model. Prototype form losses 
are determined by m easuring the total losses in the 
model for va rious sections and then subt racting the 
friction losses computed for the model. Ge nerally , 
the order of magnitude of the friction loss in the 
model compared to the form loss is about one to te n 
or greater. 
Since geometric similitude exists between 
model and prototype, the form loss coefficients thus 
determined from the model can be used di rectly for 
the prototype to determine the form losses . The 
friction losses for the prototype can be computed as 
previously mentioned. The total losses in the proto -
type can thus be determined for any c ondition b y 
adding the form and friction losses together . 
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The geometric scale of the model manifold 
was 1: 24 . The particular manifold mode led is shown 
on a plan of the powerhouse area in Figure 5 . The 
model was constructed of 3/ 16 - inch welded steel 
plate . This thickness of steel was required to pre -
vent warping of the model after welding, and with 
careful workmanship, this thick ness was optimum for 
economy and accuracy of construction . The required 
tolerance was one perce nt . The maximum measured 
difference checked at many significant points was 
0. 3% . Bolted conne ctions were used between sections 
to aid assembly. Filler material was placed in each 
joint and sr:ioothed before asse mbling subsequent 
sections. Figure 6 shows photographs of the con -
struction in process to illustrate the techniques 
involved . A portion of the model (describe d herein -
after) was formed in plastic to maintain control of 
model dimensions , part icularly at the smaller dia-
meters . Dimensions of the model facilities and 
actual laboratory arrangement are given in Figure 7. 
The branch connection to the relief val ve, the 
bypass· relief valve and intermediate bend were 
constructed of Plexiglas and cast acrylic resin tubes, 
as shown in Figure 8. The transitions we r e milled 
from solid pieces of Plexiglas stock. The How ell -
Bunger type relief valve was milled from Plexiglas 
stock with concentric tubes used for the body and 
sleeve . Figure 9 shows the bypass relief valve being 
assembled . The mode l was so constructed that the 
portion of the model containing the bypass r elief 
branch connection and downstream piping could be 
interc hanged among the four branches. 
A valve leaf to represent a butte rfly valve was 
constructed from Plexiglas stock and housed in a 
steel casing. The dimensions of the valve are shown 
in Figure 1 O. A photograph of the completed model 
is shown ir. Figure 11. 
The locations of the many piezometers used 
to m easure pressures at the boundaries and the 
points whe :-e velocity traverse were made are shown 
in the following figures: 
Figure 12 Veloc ity traverse and piezometer 
locations in penstock. 
Figure 13 Velocity traverse and piezometer 
locations in branch connec tion 1. 
Figure 14 Velocity traverse and piezometer 
locations in branch connection 2. 
Figure 15 Velocity traverse and piezometer 
locations in branch connection 3. 
6 
Figure 16 Piezometer locations in reducing 
bend . 
Figure 17 Velocity traverse and piezometer 
locations in bypass relief branch 
connection . 
Figure 18 Velocity traverse and piezometer 
locc.tions in bypass relief branch. 
Water was supplied by a 20-inch turbine 
pump. The discharge was regulated b y a bypass 
valve at the pump and butterfly valves installed in 
each branch of the manifold. Calibrated orifice 
plates were i nstalled in eac h branch to measure the 
discharge through the branches. 
Instrumentation 
Piezometer Readings --Electronic instrumen -
tation wc.s e mployed to facilitate the reading of the 
many piezometers . The operation is shown in 
Figure 19. All piezometers were individually con -
nected to a pressure transducer by manua l manipula -
t:.on of the tubes in the five piezometer banks . 
The pressure f:-om the piezometer and a 
reference pressure co:-responding to a s t atic head 
at the level of the header centerline were applied to 
be transducer . The pressure transducer transmit -
ted an ele ct rical signa~ that was proportional to the 
piezometric head. Th:s signal was sent through an 
e lectronic averaging c i rcuit and then into a digital 
voltmeter . The digital voltmeter displayed a voltage 
that was adjusted to gi-✓e the direct reading of pi-
ezometric head . The output from the digital volt -
meter was properly identified with the p:ezometer 
r,umbe r and both were put on printed paper tape 
output. 
Velocity Traverses -- Electronic instrumen -
tation was a lso utilized for directly recording the 
velocity profiles across t he pipes . A sketch of the 
system :s give n in Figure 2 O. A pitot tube probe was 
inserted through the W3.lls of manifold at the locations 
shown in Figures 12 and 18 . A photograph of the pitot 
t ub e is show n in Figure 2 1. The differential pressure 
regis tered by the pitot t ube was measured by a dif -
ferentia~ pressure transducer. The transducer out-
put was a voltage directly proportional to the differ -
e ntia l pressure. The square root of the transducer 
voltage ·Nas : hen taken and with a variable amplifier 
the scale adj usted to a p r ese nt voltage d:rectly pro -
portional to : he velocity . The position of the probe 
was registered by means of a rotary potentiometer 
attached to the probe . The vel ocity and position were 
then properly inp·.1t to an x - y plotter and the velocity 
profiles were thus directly recorded . 
+ 
FIGURE 5 
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GENERAL LIMTS OF THE MODEL 
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Fig. 6(a) Rolling a transition Fig. 6(b) FitLng a branch connection 
Fig. 6(c) Constructing reducing bend Fig. 6(d) Al ignment of model 
Fig. 6(e ) Installing piezometer taps 
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Fig, 9 Assembling the bypass valve 
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BRANCH CONNECTION NO. I 
(TRUE VIEW) 
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1.00" 7.00" 3.40" 6 .00" 
DEVELOPED VIEW OF CYLINDER 
LOCATIONS IN BRANCH CONNECTION 
P IEZO. ELEV. IN P IEZO. ELEV. IN 
NO. FT. NO. FT. 
" 10 1. 00 , .. 11111 !-ti 26 100. ZS '" 99. so 27 99. 50 21 I 100. 88 
Z8 99. 76 21 Z 99. 51 
29 100, 15 213 99. 7 1 
30 100. ZS 21 ◄ 100.17 
31 100. 57 215 100. 66 
" 00, 76 "6 100, 56 33 100. 15 217 99 . 70 
34 I 00. ~7 218 100 . GO 
35 101. 00 219 100, 5 1 
36 100. ZS 220 100, 34 
37 99. so 221 100 10 
38 99. 76 222 99. 89 
39 100. 15 223 99. 70 
40 100. ZS 22 ◄ 99. 53 
41 100. 57 225 99, 70 ., 101 . 00 "' 100, 10 ◄ 3 100. ZS 227 100. so 
44 99. 50 "" IUU. 4 1 
◄ 5 101. 00 229 100. zg 
◄ 6 100. ZS 230 100, 08 
47 99, 50 231 99, 88 
◄ 8 99, 76 232 99, 70 
◄ 9 100. 54 233 100. 4 7 
50 99. 78 23◄ 100. 34 
5 1 99. 93 235 100. 01 
52 tOO. J S 236 99. 70 
53 100, 25 237 99, 56 
5 ◄ 100. 37 238 99. 69 
55 100. 54 239 100. 0 1 
56 99. 78 Z ◄ O 100. 33 
57 100, 15 2 ◄ 1 100. 26 
58 100, 54 Z ◄ Z 100. 17 
S9 101, 00 2 ◄ 3 99 . 50 
60 100 . 25 Z ◄◄ 99, 68 
61 99. 50 2 ◄ 5 99. 58 
" 99. 78 2 ◄ 6 99. 67 63 99, 93 2 ◄ 7 99. 59 
6 ◄ 100. 15 2 ◄ 8 100. 15 
6S 100. ZS 
66 100, 37 
67 100. 54 
@) 
x· 
DEVELOPED V I EW OF CONE 
F f A 









X ------ ------------ X 
BRAN CH CO NNE CTION NO. 2 
(TRUE VIEW) 
FIGURE 14 VELOCITY TRAVERSE AND PIEZOMETER 
0 
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VER T ICAL VE LOC ITY -
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DEVELOPED VIEW OF CYLINDER 
·,. 
LOCATIONS IN BRANCH CONNECTION 2 
P IEZO. ELEV. IN PIEZO. ELEV. IN 
NO. FT. o. FT. 
76 100. 90 273 I 00. 83 
77 100. 25 274 99. 6 1 
78 99. 60 275 I 00 . 74 
79 99. 8 1 276 99. 6 1 
80 I 00, 14 277 99 . 77 
81 100 . 25 278 100. 16 
82 I 00 . 50 279 100. 57 
83 100, 14 280 100 . 47 
84 I 00, 90 28 1 100 . 29 
85 100 , 25 282 100. 09 
86 99. 60 283 99 , 92 
87 99. 8 1 284 99 , 76 
88 100. 14 285 100 . 5 1 
89 I 00, 25 286 100. 38 
90 I 00, 50 287 100. 24 
9 1 100 . 90 288 100. 06 
92 100 , 25 289 99 . 89 
93 99. 60 290 99 . 74 
94 I 00. 90 291 99 . 60 
95 I 00. 25 292 99 . 73 
96 99 . 60 293 100 . 06 
97 99 . 83 294 100. 37 
98 100 . 47 295 100 . 28 
99 99. 83 296 100. 00 
I 00 99. 96 297 99 . 73 
10 1 100. 14 298 100 . 28 
102 100 . 25 299 100. 19 
103 100. 47 300 99. 94 
104 100 . 14 30 1 99. 7 1 
105 100. 90 302 99 , 60 
106 100. 25 303 99, 70 
107 99 . 60 304 99 , 94 
108 99 , 83 305 100 . 17 
109 99 . 96 
11 0 100, 14 
111 100. 25 
I 12 t 00, 47 
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D EVELOPED VIE W OF CYLIND ER 
LOCATIONS IN BRANCH CONNECTION 3 
PIEZO. ELEV. IN PIEZO. ELEV. IN 
NO. FT. NO. FT. 
121 100. 76 153 99. 89 
122 I 00. 25 154 100. 10 
123 99 . 74 155 100. 25 
124 99 . 87 J!j {j 100, J9 
125 I 00 . 10 
126 100. 25 330 100. 68 
127 100. 42 33 1 99 . 73 
128 99 . 87 332 101. 99 
12 9 I 00. 10 333 99 . 72 
130 I 00. 42 334 99. 86 
'" I 00. 7fi JJ:) I UU. 10 132 I 00 . 25 336 100. 48 
I 33 99 . 74 337 I 00 . 40 
134 99 . 87 338 99 . 83 
135 100. 10 339 I 00. 48 
136 100. 25 HO 100. 24 
137 100. 42 HI l00 . 08 
138 l 00 . 76 342 99 , 95 
139 100. 25 343 99 . 70 
140 99 . 74 344 99 , 8 1 
141 99 . 89 345 100. 09 
142 100. 39 346 I 00 . 43 
143 99 . 89 347 I 00. 39 
144 I 00 , 10 348 I 00 . 29 
145 I 00. 25 349 I 00 . 18 
146 I 00. 39 350 I 00. 04 
147 99 . 89 35 1 99 , 73 
148 I 00. 10 )!:,2 99 . 00 
14 9 I 00. 39 353 99 . 68 
150 I 00 , 76 354 99. 79 
15 1 I 00 , 25 355 I 00. 04 
152 99 . 74 356 I 00. 28 
PIEZO. ELEV IN PIEZO. ELEV. IN 
NO. FT. NO. FT . 
16 5 I 00. 67 I 79 99. 78 
166 100. 25 180 100 . 06 
167 99. 83 181 I 00. 39 
I 68 I 00. 25 I 82 I 00. I 0 
16 9 I 00. 64 183 99 . 72 
I 00. 28 184 100 . 00 y 170 
I 71 99. 82 185 I 00. 28 
172 1 00. 19 186 1 00 . 01 
17 3 I 00. 59 I 87 99 . 64 
174 I 00. 24 188 99. 89 
17 5 99. 80 189 I 00. 16 




177 I 00 . 50 I 9 1 99. 54 
178 I 00. I 9 I 92 99. 85 
TRUE VIEW 
PENSTOCK NO. 4-REDUCING BEND 
FIGURE 16 PIEZOMETER LOCATIONS IN REDUCING BEND 
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D EVELOPED VIEW OF CYLIND ER 
LOCATIONS IN BYFASS RELIEF BRANCH CONNECTIONS 
PIFZO Fl.EV l'I 
~O. FT 
449 99. '.ll 
4 "10 !.10.!.ll 
11'1 ! 100.21 
4S2 t00.2 3 
453 \00. 11 
4')4 I 00, 01 
4SS 99. 98 
457 99. 97 
458 100 00 
459 100.12 
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ELE VA T ION (TRUE VIE W) 
0, 
RE LIE F VA LVE 
PIEZO. ELEV IN Plt::ZO ELEV IN 
NO. FT. NO. FT. 
461 100. 37 479 I 00. 50 
4til. 100. 22 480 100. 68 
463 t00, 07 481 100. 97 
464 100. 22 482 100. 77 
465 100. 50 483 100. 57 
466 100. 35 484 100. 77 
467 100, 37 485 101, 03 
468 100. 35 486 100, 81 
4b~ \UU, ~ll 481 IOU. bl 
470 100, 43 488 JOO. 81 
471 100. 31 489 101. 03 
472 100. 43 490 100. 83 
473 100. 72 491 100. 62 
474 I 00. 58 4 92 100, 83 
475 I 00. 40 493 101 06 
476 100. 58 494 100. RS 
477 100. 88 495 100. 65 
478 100. 68 496 100. 85 
FIGURE 18 VELOCITY TRAVERSE AND 
0~3" 
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FIGURE 19 RESSURE DATA RECORDING SYSTEM 
















FIGURE 20 VELOCITY TRAVERSE DATA 
RECORD I NG SYSTEM 
MODEL TESTS A D RESULTS 
General 
Model Test Program --The model test program 
is show n in Table 1. The program was designed to 
provide sufficient data to determine if the operating 
characteristics of the prototype would be satisfactory. 
Pressures, head losses, a nd velocity distributions 
were recorded for a wide range of operating condi-
tions in the prototype structure . The effect of flow 
conditions at one branch on flow conditions at adjacent 
branches was observed. Branches 1, 2 and 3 were 
subjected to a test series in which 12. 5, 25, 50, 75 
and 100% of the approach flow to the branch was 
passed through that branch and the remainder passed 
out branch 4 . T ests with the flow divided e qually 
between the four branches and b etween two adjacent 
branches were also made . 
A discharge on the order of 4 cfs was passed 
through the branch with the greater percentage of 
flow, in order to obtain measurable head losses 
through the branch connections . The discharge of 
4 cfs was chosen since it could be provided when all 
branches were operating and because the magnitude 
of the head losses (on the order of O. 2 to O. 3 feet) was 
such that accurate measurements could be obtained . 
Tests were performed on the bypass relief 
branch connection similar to those described for the 
penstock branch connections. The flow approaching 
the bypass connection was divided with 20, 40, 60, 
80 and 1 00% of the flow passing through the bypass 
valve. T e sts were □ade with the bypass line installed 
in branches 1 and 4 . Tests were a lso performed 
after the installation of the valve leaf and housing. 
Pressures and velocities downstream from the valve 
were measured with the valve leaf installed both 
vertically and horizontally. 
Pressures and Veloc1ties 
Tes t runs were made for various discharge 
combinations thrcugh the branches as listed in Table 
1. Pressures and vel ocities for each run were re -
corded . Pressure data for the runs are given in 
TABLE I 
TEST PROGRAM FOR TARBELA PENSTOCK MANIFOLD MODEL 
Perce ntage of Total Flow 
T est Number Branch 1 Branch 2 Branch 3 Branch 4 
1A 25 25 25 25 
2B 12.5 0 0 87.5 
2C 25 0 0 75 
2D 50 0 0 50 
2E 75 0 0 25 
2F 100 0 0 0 
3B 0 12.5 0 87.5 
3C 0 25 0 75 
3D 0 50 0 50 
3E 0 75 0 25 
3F 0 100 0 0 
4B 0 0 12.5 87. 5 
4C 0 0 25 75 
4D 0 0 50 50 
4E 0 0 75 25 
4F 0 0 100 0 
5F 0 0 0 100 
6D 
I 
50 50 0 0 
7D 0 50 50 0 
20 
Appendix A-1. 3ignificant velocities for the runs are 
assemble d in Ai=?e ndix A - 2. 
Tc illus t~ate the flow c ondit ions in a ":) ranch 
connection, velccity traverse data for s e veral dis-
charge conditior.:s at branch 3 a re show:. in Figure 22. 
The profiles we-e made ups trea m a nd downstream 
from the reduc □g bend a, traverse locations 13, 14, 
15, 16, 19 and :: o. (See Figure 12 for locations . ) 
These particular profile s are given since the relative 
velocitie s obse :-ved in the mode l were greatest 
through the hea.3e r at branch c onnecti on 3. There -
fore, if any ad'.eerse conditions we re to oc cc.r, they 
would be evidert at the branch c o nection . Higher 
velocities were note d at the left 3 boundary of profile 
14 as greate r pe rcentages of t he total flow we re 
passed through branch 3. This indicates a n 
acceleration ofihe flow in this a r ea . The pressure 
reduction along the left boundary assoc iated wit h t he 
accele ra: ion of"ihe flow was not excessive . T he 
order of magni ude of the press ure va:-iatioc1s 
observe d duri~ these test runs were similar to 
t hose noted in 9-le following discussion . 
The vebc ity distributions recorded a t ve l ocity 
traverse pointE 5, 6, 13 and 14 (s ee Figure 12 for 
traverse point s located on the he ader upstream from 
brancheE 1 a n 3 are shown in Figure 23 for e qual 




·-··•· "• ."•'• •.. , ...... ·~ 
profiles take n at points 6 and 14 show higher ve loc -
ities occ urred nea r the l eft boundary as me ntioned 
previously . 
Pressure r eduction associated with acce le ra -
tion of the flow were r egistere d by piezometers 
located along t he l eft boundary. Piezometers 30 , 40, 
2 14 , 226 and 239 (see Figure 13 for pie zometer 
locations) located along the longitudina l ce nte rli ne 
of : he l eft boundary of branch 1 registe r e d pressures 
of1 3. 46 , 13. 00, 13.11, 13.1 8and 13. 75feet of 
water, respectively, when all branches had equal 
discharges . For the same test run, similarly 
located piezometers 12 6, 136, 33 5, 345, and 355 in 
branch 3 (s ee Figure 15 for piezomete r locations) 
registere dpressuresof13. 17, 11 . 86, 11. 40, 11 . 50 
and 12 . 56 feet of water,· respe ct ively . These p re s -
sures indicated the extent of pres sure r e ducti n that 
occ urred in the branch connections . 
The veloc ity profiles shown in Figur es 22 and 
2 3 indicated that a maximum velocity increase on t he 
orde r of 20% to 30% above t he mean ve loc ity of the 
flow can be expected at the m anifold branch con -
nection . Therefor e, a pressure reduction was 
expecte d in t he region of the inc reasing ve l oc ity . 
The pressure variations as previously noted are not 
excessive but should be noted and take n i nto ac c ount 
in the structural design . 
'~ ~ -.--
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8 10 Left Boundary 
8 12 
Model Velocity - fps Model Veloc ity - fps 
Run 1-A Dis charge Through Each Branc h is 25% of Total Fl ow 
Q = 3. 95 cfs 
FIGURE 23 VELOCITY PROFILES AT LOCATI ONS 5 , 6, 13, 8 14 FOR RUN IA 
Velocity traverses taken at the turbine scroll 
case, traverse points 21 to 32 (see Figure 12 for 
locations) were quite uniform across the diameter of 
the pipe. Velocity traverse data are given in Appen -
dix A -2 . The uniform velocity distributions indicate 
satisfactory flow conditions at these sec tions . 
The d ischarges of seve r a l runs were calcu -
lated from t he velocity profiles to verify the ve loc -
ities m easured . Dis charges calculated were within 
3% of the d is charges measured at the orifices. 
Piezometers 10 , 22, 60, 77, 106, 122, 15 1, 
192, 262 and 380 (see Figures 12 to 15 for locations) 
were monitor ed individually to determine the 
frequency and amplitude of pressure fluctuations at 
the boundaries . Irregular pressure fluctuations were 
noted with a frequency of the order of 0, 5 to 1 cycle 
per second and an amplitude of± O. 1 foot about the 
mean press ure. The fluctuations were attributed to 
pump surge s . Higher frequency fluctuations were not 
detec ted in the mode l. These same piez omete rs were 
also attached to a manometer board in order to 
observe all of these piezomete rs simultaneously. The 
water l evels in the manomete r tube s fluctuated in 
22 
unison maintaining the same relative differences . 
This indicated a stable d ischar ge distribution in the 
manifold . 
Form Loss Coeffic ients 
Pie zometric data were recorded by printing 
out the registere d pressures for a period of about 
20 to 30 s e conds in wh~c h a maximum and minimum 
were observed . The average of t hese readings was 
used to e s tablish t he hydraulic grade line. Hydraulic 
grade lines for t hree repre sentative runs are shown 
in Figure 24. 
Energy losses through t he contractions 
between the branch cor_nections were found in the 
following manner. First, the average differential 
piezometric head (.6hp) for the contractions was 
determined . This was accomplished by attaching 
t he piezomete rs in the horizontal and vertical 
planes constituting a ring just upstream a nd down -
stream from the section t o a differential pressure 
transducer . Connecticn of the piezometers in this 
manner gave an average presst.:re at each section 
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Branch I 
HYDRAULIC GRADE LINE BRANCH I OPEN 
differential head . The velocity heads upstream and 
downstream from a section were c omputed using the 
mean velocity and assuming a velocity distribution 
coefficient (a) equal to one . The differential velocity 
head ( Llhv) and the head losses through a section were 








y2 _ y2 
1 2 
2g 
Llh + Llh 
p V 
head loss between upstream and 
downstream sections of the 
appropriate reach in feet . 
differential piezometric head between 
upstream and downstream sect ions 
in feet. 
different ial velocity head between 
upstream and downstream sections 
in feet. 
velocity at the upstream section in 
ft/sec. 
velocity at the downstream section 
in ft/sec. 
The order of magnitude of the head losses 
calculated for individual contractions in this manner 
was 0. 02 feet or less . The accuracy of the e quip-
ment and readings of differential piezometric head 
can only be considered as± 0. 01 fee t . Therefore, 
the inaccuracy of the head loss measurements due to 
the equipment was sufficient that calculation of the 
contraction loss coefficients for the individual sections 
was not jwstified . 
In designing or calculating the head loss for 
these sections of the prototype, reference should be 
made to reports such as the Bureau of Reclamation's 
Boulder Canyon Project - Final Report, Part IV, 
Chapter II (8) and EngineeringMonograph No. 7, 
pages 33 to 47 (2). The information give n in thes e 
reports is based upon measurements of friction 
factors and heacl losses in prototype structures 
approaching the s i ze of the Tarbe l a penstock. 
Branch Loss Coefficients 
Bifurcations and trifurcations have been 
studied by many researchers (1), ( 3), (4), (5), (6), 
{7). The loss coefficients for the branch connections 
were found in the following manner. The hydraulic 
grade line was established first . The length of con -
duit downstream was sufficient to insure that full 
26 
pressure recovery was accomplished . The energy 
lines are then calculated and projected upstream or 
downstream , as the case may be, to the intersection 
of branch and header . The dif::erence in energy 
grade lines at the intersection is the loss chargeable 
to the branch connection . 
The pressure recovery downstream from a 
branch connection, as observed previously, was also 
apparent in the model. Noticeably, branch 3, which 
has a short transition from header to branch inlet 
and a comparativel y s :'1ort conduit, has an increase 
in head on the order of 0. 05 foot of water, from the 
piezometer r ing compJsed of numbers 35 7, 358, 359 
a nd 360 to a ring with numbers 38 1, 382, 383 and 384 
as seen in Figure 24 (3.), as discharges of about 4 cfs 
were diverted into the branch. 
Two methods were used to determine the loss 
coefficients for the br3.nches. The following discus -
sion describes the twc methods, referred to as 
methods A and B . 
Method A 
The junction loss coefficients were calculated 
from data collectectec. in a similar manner to that 
collected for the form loss coefficients . For example , 
on branch number 1, differential piezometric heads 
were recorded between a ring of piezometers formed 
by piezometer numbers 25, 26, 27 and 31, and a 
ring of piezometer numbers 249, 250, 25 1 and 252, 
located just downstream from the branch connection. 
For the losses in the header at branch 1, the dif-
ferential piezometric head wai: measured between 
a ring of piezometer numberi: 25, 26, 27 and 31, and 
a ring of numbers 59, 60, 61 and 65 . Similarly 
located piezom eter rings were used to determine the 
differential piezometric heads for branches 2 and 3. 
Differential velocity heads were calculated using the 
mean velocity at the piezometer ring and a velocity 
distribution coeffic ient equal to one. The junction 
loss coefficients in the branch or header were 
calculated using: 
where: 
head loss between section at header 
and section at branch. 
head loss between header sections. 
velocity at do·Nnstream section in 
feet. 
branch loss coefficient . 
g 
header loss coefficient. 
1, 2, 3 , 
( 1, 2 and 3 refers to branc r.es 1, 2 
and 3, respe ctiYely. ·, 
gravitational acceleration 
32 . 2 ft/sec 2 • 
Head loss due to friction is included in the value of 
HL used to c _lculate the branch and header loss 
coefficients . Ju nction l oss c oefficients for the 
bra nches corrouted for different test runs a:-e given 
in Table II . ~his method considered the head loss 
due to frictior as be ing negligible , 
Method B 
The hEad loss due to friction is taken into 
account in the c alculation of the loss coefficients by 
method B . T.e data reduc tion for each te3t was 
accomplished in the following m a nner. A po int on 
the energy grade line was e stablished by adding the 
vel ocity head :::: alculated using a veloc ity distribution 
coeffic ient ecpal to unity to the ave rage pie zometric 
head found fo - each ring of taps on the model. To 
estab_ish the _nergy grade line in t he brar.c l: , a line 
with a slope e qual to the calc ulated frictio n slope in 
the branc h was fitted to experimental points . In 
fitting t he c alc ulated friction slope, greatest weight 
was give n to points near t he downstream e nd of the 
branch where full pressure recovery occurred . 
To establish the e ne rgy grade line in the 
he ader, the total head loss in a section between 
junction points was approxim ated by the friction loss 
in a pipe the length of the section . The small form 
l osses in the contraction and upstream junction 
losses were take n into account b y using the smallest 
pipe diameter in the calc ulation of the pipe friction 
losses . The energy line through the header -.v&s 
determined by fitting a line with slope e quivalent to 
the assumed :osses to the experime nta l points. 
The ene rgy lines in the branch and heade r 
we re proje cted upstream a nd downstream, respec -
tively, to the junction, The losses attributed to the 
junction were found graphically. The junction loss 
coefficie nts we r e then determined from the equation 
previously defined : 






BRANCH HEAD LOSS COEFFICIENT 
Te ; t Branch No. 1 - K"R1 Branch No . 2 - K"R? Branch No . 3 - K"R , 
Ri_n QB/QA Method Method QB/QA Method Method QB/QA M ethod Method 
X 100 A B X 100 A B X 100 A B 
1-A 25 o. 238 o. 28(• 33 , 3 0 , 214 o. 17 50 0 , 297 o. 146 
2 - B 12,2 1. 09 1 o. 77 ( 0 
2 - C 25 0, 208 o. 28 (• 0 
2-D 50 0.086 0, 080 0 
2-E 75 0,055 0, 067 0 
2 - F 100 0,049 o. 06( 0 
3 - B 12, 5 3 , 047 1,629 
3-C 0 25 C, 493 1.040 0 
3-D 0 5 0 C•. 063 0, 068 0 
3-E 0 75 0. 01 8 0.020 0 
3-F 0 10 0 C, 046 0 .05 1 0 
4 -B 0 0 12, 5 11. 09 1 9.200 
4--C 0 0 25 2.205 1. 5 1 0 
4 -D 0 0 50 0 . 320 o. 171 
4 -E 0 0 75 0.203 0.09 1 
4 -F 100 o. 162 0. 048 
5-E 0 
6-D 50 0, 08 6 o. 060 100 0 . 0124 -0,005 0 
7..:0 0 50 0 , 120 0 ,086 100 o. 189 o. 045 
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The branch loss c oefficients determined by method B 
are also given in Table II. 
The branch l oss coefficients found by methods 
A a nd B a r e plotted in Figure 25 for comparison. The 
coefficients found for branch connections 1 and 2 show 
c l ose agreement and indicate friction losses are 
negligible through the branches . The coefficients 
determined for branch 3 by method A give greater 
values and indicate larger losses . These hig her 
losses are d iscounted because full pressure recove r y 
was accomplished only near the end of branch 3. The 
pressure measurements used in evaluating the coef-
ficients b y method A were made in an area of apparent 
low pressures associated with acceleration of the 
flow . Therefore, greater weight was given to t he 
c oefficient s determined b y method B for b ranch 3. 
The three branch connections are quite close 
to being geometrically similar. The exception is in 
the angle of inters ection of the branch and header . 
The a ngles for branche s 1, 2 and 3 are 70° 37' 06 " , 
70° 19 ' 01 " and 70° 12' 19", respect ive l y . This 
angular difference was conside r ed to be insignificant 
for purposes of this di s cussion . A comparis on of all 
the form loss coefficients found for the branches is 
given in Figure 26 . The three branch connections 
demonstrate that the form losses are dependent only 
upon the ge ometry and the ratio of discharge t hrough 
the branch to the t otal discha rge approaching t he 
branch. Therefore, a sugge sted c urve to be used for 
dete rmining the form losses for any geometrically 
similar branch connection is also given in Figure 26 . 
Junction loss c oeff ic;e nt s for the header were 
calculated b y method A . Coeffice ints determined at 
branc hes 1, 2 and 3 are shown in Figure 27, a l ong 
with a suggested c urve to be used in determining 
l osses in foe header section for various operating 
conditions . As noted previously, in method B the 
j unction l o.sses in tbe header is take n into a ccount by 
the manner in which the frict ion loss between junc -
tions is calculated. 
Bypass Relief Valve 
The bypass relief valve was installe d and 
tested on b ranches 1 and 4 . F l ow c onditions through 
the bypass r e lief valve were satisfactory at all 
discharges when the valve was installed on both 
branches 1 and 4 . 
28 
Pressure distributions similar to those 
described for the branch c onnections we re found in 
the bypass re l ief branch connections. Pressures 
were satisfactorily positive at all piezometer 
l ocations . Pressure data are given in Appendix B -1. 
Velocity profiles indicated that no unusual 
conditions exist . Velocity traverses data are given 
in Appendix B - 2. 
Junction loss coefficie nts were computed 
similarly to those described for branch c-onnections 
1, 2 and 3 by method A . The coefficient s are shown 
in Figure 28 :'or the bypass relief branch connection . 
Butterfly Valve --Upon completion of the 
initial tests of the bypass relief valve, a valve leaf 
a nd housing to simulate an open butterfly valve were 
installed upstream from the branch 4 bypass con-
nection at the location shown in Figure 12. Details 
of the butterfly valve leaf and housing are given in 
Figure 10 . Test runs we r e made with the valve leaf 
installed vertically a nd horizontally. Pressure data 
and velocity traverses we r e recorded downstream 
from the butte rfly valve. No pressures o r velocities 
were measured within the valve housing itself. There 
was no attempt made in this study to determine if the 
valve operated satisfac torily during c losure . 
The ve l ocity travers es made at locations 19A 
a nd 20A (see Figure 11 for locations) gave the onl y 
indications of any effect due to : nstallation of the open 
butterfly valve . When the valve was installed hori -
zontally, the vertical velocity traverse taken at 
location 19A indicated a small, a lmos t sinusoidal, 
i ncrease and decrease of the m e an velocity 
near the center of the travers e, as s hown in Figure 
29. With the butterfly valve placed vertically, the 
horizontal ve l ocity traverse indicated a similar 
velocity dist ribut ion in the same relative area . The 
dis turbance d ownstream of t he b utterfly valve is not 
s evere enough to be caus e for concern. Velocity 
traverse data are given in Appendix C -2. 
Pressures at the bypass relief branch c on -
nection were satisfactorily pos itive w it h t he butterfly 
valve leaf installed eithe r vertically or horizontally. 
Pressures were similar to those registered wit hout 
the valve installed . Pressure data for the test runs 
made with the butterfly valve installed a re given in 
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CONCLUSIONS AND RECOMMENDA T IONS 
The principal conclusion to be drawn from 
this model study is that the basic design of the mani-
fold is satisfactory. Ope ration was satisfactory for 
all discharges through the branches . No vibration 
was evidect in the model. 
Pressure measurements recorded at the many 
piezometric taps indicated positive pressures at all 
locations within the manifold . A pressure reduction 
was observed along the left boundary of the junction 
of the header and a branch. This variation was not 
considered excessive but should be considered in the 
structural design . No pressure fluctuations other 
than those attributed to pump surge were detected in 
the mode l. 
Vel ocity traverses made in conjunction with 
the pressure data indicated local acceleration of the 
flow near :he left boundary of the header in the area 
where the pressure reduction was observed . The 
increase i:1 velocity was on the order of 20 percent. 
This increase or local acceleration of velocity and 
the associated pressure reduction were not significant. 
Traverses made at other locations indicated no usual 
veloc ity distributions . 
Velocity traverses taken at the turbine scroll 
case inl et showed uniform vel ocity profiles exist at 
these sections . The profiles give evidence of satis -
facto r y flow conditions and satisfactory hydraulic 
operation. 
Analysis of the pressure and velocity data 
showed that the branch connections were essentially 
independe'.1.t of each other. That is, no effect was 
transm itted eithe r upstream or downstream from a 
junction wi.th either an open or cl osed branch. 
The branch los.s coeffic ients determined by 
methods A and B are i:1 c lose agreement. Method A 
used the sum of friction and form losses in deter-
mining the coefficients . Method B es tablished the 
losses through the bra::ich connection by measuring 
the total losses and subtracting the computed friction 
losses in the mode l. Comparison of the two methods 
indicated that the friction losses were negligible in 
the model. A curve to be used for determining the 
form loss coefficie nts for the tnree branch conne c -
tions was established. The curve is give n in Figure 
26 . 
Friction constitutes the principle loss at the 
c ontractions between !::ranch ccnnections . The los ses 
at these sections were too small for accurate mea -
s ureme nts. To deter□ine the p rototype losses at 
these sections , a look at the data collected by the 
B ureau of Rec l amation (2 ) on conduits approaching 
the size of t he Tarbela penstock will be helpful. 
The bypass re: ief valve performed satis -
factorily for all operational conditions a nd at all 
discharges . Junc tion loss coefficients including 
friction were calculated for the bypass relief branch 
connection. T hese coefficients are shown in Figure 
28 . 
Installation of a butterfly valve upstream from 
the bypass relief conr_ection causes no detrimental 
effects to the flow cor_ditions . Pressure and velocity 
traverse data recorded downstream from the valve 
reflect no significant effect with the valve l eaf 
i nstalled either vertically or horizontally. 
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PRESSURE HEADS ALONG MANIFOLD WALLS 
P ressure Heads in Feet of Water 
Run {,' 1-A 2-B 2-C 2-D 2-E 2-F 3 -B 3 -C 3-D 3-E 3-F 4-B 4-e 4-D 4-E 4-F 5-F 6-D 7-D 
Q 3 -95 o . 55 1.32 3-95 3 -95 3 -95 0 0 0 0 0 0 0 0 0 C• 0 3 -95 0 
Br . 1 cfs cfs cfs cfs cfs cfs cfs 
Q 3 -95 0 0 0 0 0 0 . 56 1.32 4 .02 3 -97 3 .92 0 0 0 0 c, 0 3 -95 3.94 
Br . 2 cfs cfs cfs cfs cfs cfs cfs cfs 
Q 3.95 0 0 0 0 0 0 0 0 0 0 0 . 56 1.31 3.94 3 .94 3 .95 0 0 3 .94 
Br . 3 cfs cfs cfs cfs cfs cfs cfs 
Q 3 -96 3 -95 3 -95 3 -95 1.34 0 3 .92 3 -95 3 .95 1.31, 0 3 -90 3 .95 3.94 1.34 c, c .4s 0 0 
Br . 4 cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs cfs c"-
Temp . 70°F 70°F 68°F 70°F 71°F 70°F 70°F 67°F 70°F 73°F 74°F 70°F 70°F 70°F 73°F '3°F 70°F 70°F 70°F 
Piezo . Pres. Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres. Pres. Pres. Pres . Fres . Pres . Pres . Pres . Pres . 
No . Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
l 13 .41 13 .26 13 .38 13.44 13 .41 13 .23 13 -37 13 -29 13 . 21 13.28 13 .48 13 -35 
2 14.30 14 .31 14 .29 14 .47 14 .18 14 .36 14 . 23 14 . 28 14 .15 14.29 14 .11 14 .17 14.39 14 .36 14 . 22 14 .25 15-13 14 .33 14 .31 
3 15.16 15 .21 15 . 21 15 .30 15 .02 15 . 21 15 .19 15. 25 15 .06 15. 23 15 .06 15 .oE 15 . 28 15.28 15 .16 15 .18 16.02 15.19 15 . 29 
4 14 .26 14 .29 14 .30 14 . 51 14.10 14 .27 14 .18 14.36 14 .12 14.29 14.13 14 .1; 14 .35 14 .33 14 . 25 14 . 23 15 .12 14 .30 14.4o 
5 13.34 13 .44 13 . 20 13 - 55 13 .15 13 .46 13 .26 13 . 23 13 -39 13.18 13 . 27 13 .43 13 .44 13 . 26 13 .34 14.18 13 .36 13.45 
6 14.29 14 .29 14 .29 14 .35 14 .oB 14 .35 14 .17 14.36 14 .19 14 .27 14 .13 14.15 14 .32 14 .38 14 . 22 14 .27 15.15 14 .31 14 .36 
7 15.16 15.24 15 .18 15.29 15 .02 15 . 22 15.18 15. 28 15 .04 15.15 15 .04 15 .11 15.24 15 . 24 15.oB 15.19 16 .02 15.19 15 .30 
8 14.25 14 .30 14 .26 14.39 14 .07 14 .34 14 .27 14 .36 14 .15 14 . 27 14 . 17 14 .21 14 .35 14.31 14 .26 14 .26 15 .13 14.33 14 .37 
9 13 .38 13 -39 13 .19 13 .48 13 .40 13 .36 13 .28 13-30 13.25 l3 . 2E 13 .38 13 -37 13-35 13 .32 14 . 28 13 .4o 13 . 46 
10 14 . 23 14 .24 14.30 14.44 14 .07 14 .30 14 .25 111.32 14.17 14 . 22 14 . 14 14 . lE 14 .32 14 .38 14 . 23 14 . 26 15 .08 14. 29 14 .34 
11 15.20 15 .20 15 .19 15 .40 15.03 15 .27 15 .14 15 .27 15 .04 15.13 15.04 15 .11 15.31 15 .32 15 .14 15.15 16.06 15. 22 15.25 
12 14 .25 14 .25 14 .30 14 .38 14 .07 14 .33 14.32 14 .39 14 .16 14 . 20 14 .15 14 .15 14 .36 14 . 26 14. . 22 14. 23 15.10 14 .32 
13 13-37 13 .42 13.42 13.62 13 .25 13 -56 13 -37 13 .45 13 . 26 13 -33 13 .24 13 .32 13 .46 13 . 46 13 .33 13 .31 14 . 21 13.38 13 .45 
14 14.26 14 .36 14 .33 14.52 14 .16 14 .37 14.28 14 .39 14 .14 14 . 24 14 .15 14 . 2E 14.37 14.34 14 . 26 14 .38 15.17 14 .32 14.34 
15 15.16 15.25 15.28 15 . 45 15 .03 15 .33 15. 13 15 .25 15 .06 15 .14 15 .04 15 . 2c 15.30 15. 24 13 . 14 15.18 16.02 15. 20 15 . 26 
16 14 .24 14.26 14 .35 14 . 50 14 . 17 14.49 14.22 14 . 43 14 .12 14. 28 14 .12 14 . 22 14 .33 14 .41 14. 25 14 .22 15.17 14 . 29 14.30 
17 13.32 13-37 13.45 13 .45 13.17 13 .46 13 .30 13-57 13 .30 13.38 13 .12 13 .31 13 .34 13.45 13 .41 13-35 14 .33 13 .43 13 .41 
18 14.26 14 .30 14.42 14.48 14.05 14 .36 14 . 27 14 .34 14 .16 14 .22 14 .19 14.lE 14 .34 14 .37 14 . 25 14. 21 15. 23 14.32 14. 28 
19 15.07 15.21 15 . 21 15 .33 14.89 15.18 15.11 15.27 14 .97 15.14 11,.98 15 .oE 15. 23 15. 27 15 .09 15.08 16 .03 15.19 15.13 
20 14 .23 14.29 14 .38 14 . 51 14 .06 14 . 41 14 . 24 14 .39 14 .15 14 . 23 14.10 14 .14 14.33 14 .43 14.23 14 .18 15. 14 11,. 28 111.28 
21 12.98 13 .45 13 .47 13 -63 13 .27 13 .64 13 . 41 13 .6o 13 .30 13 . 40 13 -33 13 .3E 13 -58 13 . 59 13 .33 13 .44 14.41 13 .46 13 . 46 
22 13.78 14.22 14 .29 14 .37 14.11 14 .4o 14 . 24 14.34 14.08 14 .22 14.o8 14 .15 14 .36 14 .36 14.18 14 . 17 15.09 14 .18 14.24 
23 14 .57 15.02 15 .11 15 .19 14.84 15.23 15.06 15.13 14 .87 14 .95 14.87 14.9& 15.11 15 .11 15 .01 15 .01 15.87 14.91 14.99 
24 13-71 14.24 14 .34 14 .32 13-97 14 .38 14 . 23 14 .37 14 .06 14 . 21 14 .07 14 . 2( 14.31 14.36 14 .17 14.18 15.12 14 .15 14 . 28 
25 12.76 13.51 13 . 54 13 .62 13 .28 13 -58 13 .47 13 -58 13 .26 13 . 43 13.34 13 .4c 13 .62 13 .44 13 .31 13 .48 14 .35 13 -36 13 .4o 
26 13 -67 14 . 25 14.27 14 .32 14 .06 14 .39 14 . 20 14 .35 13 .99 14 .19 14 .o8 14 . 1& 14 .28 14. 21 14. 14 14.20 15 .07 14.09 14 .18 
27 14 -37 14.97 15.04 15 . 12 14 .73 15 .12 14.91 15 .06 14 . 78 14 .95 14.83 14 .97 15.o4 14.96 14 .89 14 .92 15. 85 14 .85 14 .91 
28 13 .94 14 .64 14 .77 14 .81 14 .47 14 .83 14 . 72 14 .46 14 .67 14. 59 14 .6c 14.72 14. 70 15 . 57 14 . 56 14.63 
29 13 .41 14.29 14 .36 14 . 24 14.06 14 .46 14.30 13 -97 14 . 26 14 .19 14 . 2c, 14 .41 14 . 27 15.16 14.08 14 .18 
30 13.46 14 .26 14 .28 14 .23 13 .89 11, .32 14 .14 14. 29 14 .03 14 .13 14 .10 14.06 14 . 29 14 .28 14.16 14 . 27 15.10 14 .05 14 .19 
31 13.10 13.94 13 -93 13 .85 13 .64 14 .01 13-97 13 . 74 13 .85 13 .84 13.99 14.77 13 . 72 13.87 
32 13.90 14 .69 14 .77 14 .70 14 .39 14 .78 14 .70 14 . 59 14 .70 14 .69 14 .76 14 . 56 14 .68 
33 13-31 14 .24 14 .32 14 .24 13 .88 14 .41 14 . 25 14 .01 14 .24 14 . 21 14 .33 14.05 14 . 28 
34 12.92 13-86 13 -93 13 .81 13 . 58 13 .98 13 .83 13 -67 13 .87 13 -77 13 .92 13 -63 13 .85 
35 12.85 13 . 52 13 -57 13 .62 13 .28 13 .70 13 .47 13 - 53 13 . 26 13 -39 13 .28 13 .4(, 13 -33 13 .45 13 -39 :.3 . 46 14.34 13-53 13 .38 
36 13.68 14 .23 14 .29 14 .34 14 .11 14 . 50 14 . 24 14 -33 13-97 14 . 13 14.07 14.06 14.26 14 . 22 14 .18 14.20 15.12 14.17 14.18 
37 14 .46 14 .97 15.01 15.08 11, .78 15 .15 14.92 15.02 14 .70 14.95 14 .85 14 .86 15.07 14 .92 14 .89 14 .96 15 .78 14. 89 14.88 
38 13-61 14. 72 14 .70 14 .21 14 .14 14 . 58 14 .62 14 .Bo 14.45 14.52 14 .63 14.32 14 . 59 
39 13.02 14 .36 14.34 13 .97 13 .72 14 .18 14 .32 14 .07 14.18 14 .28 13 .88 14 . 21 
4o 13.00 14 .25 14 . 27 l3 .8o 13 . 58 14 .11 14 .14 13 -99 14 . 21 14 .21 13-79 14.14 
41 12.72 13.91 13.91 13 .61 13 -37 13 .79 13.84 13 -69 13. 76 13.82 13 .63 13 .85 
42 13.14 13 .4o 13 . 56 13 -71 13 .28 13 .68 13.45 13 . 22 13 .44 13 .34 13 .36 13. 49 13 .43 13 .41 :.3.47 14 .31 13- 55 13.4o 
43 13 .87 14 .27 14.24 14.41 14 .06 14 .42 14 . 21 14.30 13-97 14.16 14.13 14 . 13 14 . 28 14 . 23 14 .13 14.18 15 .01 14 .31 14 .17 
44 14.63 15 .04 15.o4 15.19 14 .87 15. 20 14 .86 15 .o8 14 .76 14 .89 14 .85 14 .86 15 .02 15.01 14 .87 14 .91 15.81 15.01 14 .92 
45 13-35 13 . 50 13 . 51 13 -65 13 -37 13 .67 l3 .4o l3 . li6 13 . 27 13.46 13 -35 13 .36 13-53 13 . 43 13 . 40 ]5 . 44 14.31 13-65 13-39 
46 14.07 14.17 14.31 14.51 14.10 14 .45 14 .17 14 .35 14 .04 14.22 14.09 14.09 14 .18 14 .21 14 . 14 :4 .17 15.06 14.31 14.21 
47 14 .86 15 .01 15.03 15 . 20 14 .81 15.16 14 .93 15.00 14 . 72 14.94 14 .84 14.84 14.97 14 .90 13 .95 :4 .97 15. 81 15.11 14 . 88 
48 14.73 14 .83 14 .85 15 .09 14. 58 14.77 14 .65 14.4o 14 .61 14.64 14.89 14 .63 
49 14 .05 13-97 14 .05 14 .34 13 .76 14.04 13 -86 13 .63 13 -75 13 .85 14.14 13 -86 
50 14 .68 14 .69 14 . Bo 15 .o4 14 . 59 14 .86 14.65 14.46 14.61 14.64 14.86 14 .64 
51 14 .70 14 . 59 14 .64 14 .94 14 . 52 14 . 75 14.46 14 . 25 14 .47 14 .49 14.77 14 . 44 
52 14. 52 14 .37 14 .49 14 .67 14 . 26 14 . 50 14 .24 14 .09 14.20 14 . 27 14 . 56 14 . 21 
53 14.37 14 . 26 14. 31 14 . 54 14.10 14 .39 14 .16 14 .oo 14.11 14. 16 14.46 14.12 
54 14.31 14 .12 14.23 14.39 14 .oo 14 .27 14 .06 13 .82 13.97 14 .02 14.36 14 .oo 
55 13.98 14 .02 14 .11 14 . 20 13 .85 14 .18 13.83 13 .70 13 .88 13 .85 14 .12 13 . 84 
56 14 .79 14 .74 14.82 15 .05 14 .62 14 .96 14 .63 14 .46 14. 46 14.66 14 .94 14 .6o 
57 14 .44 14 .31 14 .45 14.68 14 .24 14 .6o 14 . 29 14.06 14.19 14.32 14. 54 14 . 22 
58 13-97 13.87 14.09 14.25 13 -79 14 .19 13 .91 13 .69 13 .8; 13.92 14.18 13.84 
59 13.31 13 -50 13 . 54 13 . 72 13 .36 13 -73 13 . 4o 13-55 13 . 28 13 . 46 13 .36 13 .41 13 -56 13 .46 13 .32 13 .47 14 . 27 13 .65 13 -39 
6o 13-99 14 . 24 14 . 23 14. 41 14.01 14.41 14 .14 14 . 24 13 .91 14.19 14 .07 14 .ob 13 .96 14.15 14.09 14 .17 15.01 14 .34 14 .11 
36 
Run ~: 1-A 2-B 2-C 2-D 2-E l: - F 3-B 3-C 3-D 3 -E 3-F 4-B 4-c 4-D 4-E 4-F 5-F 6-D 7-D 
Pie:zo . Pres. Pres. Pres. Pres . Pre s . FTes . Pres . Pres . Pres. Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres. Pres . 
No . Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
El 14 .90 14 .99 15 .01 15.13 14 .90 15 . 26 14.92 15.00 14 .77 14 .94 14 .85 14 . Bo 14 .98 14.98 14. 88 14 .96 15 .83 15 . c,9 14. Bo 
E2 14 .69 14 .74 14.77 14.97 14 .60 14 .91 14 .62 14 .41 14 .64 14. 60 15. 52 14. 84 14 . 50 
63 14 . 51 14 . 59 13 .62 14 .90 14 . 50 14 .78 14.48 14 . 25 14.48 14.57 15.37 14 .68 14.36 
64 14 . 26 14 .31 14 .39 14 . 71 14 . 22 14 . 56 14 . 19 14.11 14.19 14 .33 14 .21 15.14 14 . 56 14 .18 
65 14 .25 14 . 21 14 .39 14.52 14 . 13 14 . 44 14 . 16 14.32 13 .98 14 .18 14.o8 14.05 14 .24 14 . 20 14.19 15.03 14 .! 7 14 .08 
66 13 .99 14 .12 14 . 25 14.45 13 -95 14.34 14.05 13 .78 13 .94 14 .o6 14 .99 14 .31 13 .92 
67 13 .87 13 .85 14 .04 14 . 23 13 .85 14 .16 13 .89 13.67 l3 .76 13. 88 14.71 14 .17 13, 73 
68 13 .31 13 .49 13 -59 13 -73 13 .34 13 .74 13 .37 13-56 13 . 23 13 .48 13 .37 13.3, 13 . 51 13.45 13 -37 13 .37 14.33 13 . Eo 13 .32 
69 14 .04 14 .16 14 .3 5 14 .49 13 .99 14 .39 l -L~4 14 .28 14 .01 14 .15 14 .09 14 . 14 14 .25 14 . 13 14 .13 14 .15 15.05 14. 36 14 .o4 
7J 14 .81 14 .86 15.05 15.25 14 .82 15 .22 1 • . 90 15.01 14 . 74 14.83 14.85 14.81 14 .96 14 .90 14.87 14 .92 15. 76 15.C7 14. 82 
71 14 .o6 14 .13 14 .32 14. 52 14 .12 14 .45 H.18 14.28 13 -99 14 .15 14 .07 14.10 14.22 14 .12 14.11 14.17 1; .05 14.03 
72 13.o8 13 -55 13-65 13 .86 13 -39 13 -79 l3 . L7 13 -55 14 . 17 13 .38 13 .41 13.42 13 . 51 13. 26 13 .41 13. 51 H .33 13 -E3 13 . 25 
73 13 -75 14 .12 14 .26 14. 48 14 .12 14 .47 14 .09 14.22 13 -79 14.16 14 .05 14.o; 14 .11 13 -99 14 .o6 14.12 H.91 14 .30 13 -86 
74 14 .39 14 .79 14.96 15. 13 14 .79 15 .12 14 .14 14.90 14 . 41 14 .77 14 . 75 14.79 14 .83 14. 58 14 . 72 14 .83 15 .63 14.92 14 . 55 
75 13-69 14 .17 14 .23 14. 52 14.o8 14 .46 14 .07 14. 25 13. 81 14 .o8 14 .o6 14.10 14.14 13-93 14 .03 14 . 17 14 .99 14 .>2 13.90 
76 12 .98 13 .43 13 .60 13.83 12 .54 13-!9 13.52 13 . 10 13 . 45 13 . 46 13 .37 13 . 51 13.29 13 .38 13 . 51 14 . 26 13 .63 13 . 16 
77 13 -63 14 .09 14 .21 14 . 43 14 . J7 14.07 14.13 14 .77 14.13 14.04 14 .01 14 . 16 13 .87 14.03 14.12 14 .9a 14.27 13. 83 
7d 14 .18 14 .79 14 .90 15-12 14 . 78 14 . 71 14.81 14 .4o 14 . 74 14 . 74 14 .70 14 . 50 14 .66 14.79 15.53 14 .!)4 14 .49 
79 13.70 14 . 43 14 . 73 14 .02 14 .34 14 . 41 14 .37 14 .27 15.31 14 .65 14 .09 
8o 13-37 14 .16 14.38 13 - 57 1'>.16 14. 28 13.71 14 .11 14.14 14.13 14.02 15.04 14 .4o 13 .77 
81 13 .46 14 .20 14 . 51 14 .09 14 .c5 14.09 13- 65 13 .99 13.94 13 .98 14 .09 13 .91 14 .oo 14 .13 14 .95 14. 25 13 .69 
82 12 .95 13 .90 14. 28 13 .69 13 -93 13.42 13-77 13-69 13 .81 13 -58 14 .69 14.o8 13 .46 
83 13 .30 14 .27 14 .63 1L.16 14.27 13 . 54 14 .02 13.96 14.12 14.35 13 . Bo 
84 13 .04 13 .47 13 , 57 13 .8o 13 . • 4 13 .45 13 . 52 13 .18 13.49 13.44 13 .3• 13.41 13. 21 13 .38 13 .47 14.25 13.67 14 .30 
85 13 .76 14 .18 14 .31 13.47 14. 13 1L .Q4 14.23 13-77 14.18 14 .11 14 .o6 14.18 13.92 14.o4 14.17 1~.92 14.43 14.01 
86 14 .27 14 .86 14 .93 15. 21 14.77 15.60 14 .88 14 .42 14.81 14.75 14 .65 14.76 14 .60 14 .61 14 .78 15. 59 15.02 14 . 58 
8• 13 ,35 14 .63 14.90 1L .4o 14.58 13 .66 14.10 14 .07 14.35 14 .35 14.3 3 13,73 
88 12 .92 14 .32 14.67 1L .01 14 . 24 13 -33 13-77 13 ,79 14 .o4 14.04 13 .48 
89 12 . 79 14 . 29 14 .63 14.02 14.17 13 .16 13 .60 13.65 13 -89 13.91 13 .35 
90 12 . 51 13 -93 14 .27 1! .76 13 .87 12 .85 13.36 13 -33 13 .64 13 .67 13.01 
91 13 .22 13 .62 13 . 54 13 .85 13.46 13 . 21 13 .49 13 .19 13. 53 13 . 4o 13 .44 13 .46 13. 24 13.48 1L.32 13 .76 13 -39 
92 13 .91 14 .35 14. 20 13 .47 14.11 14.02 14 .28 13 -77 14. 26 14. 14 14 .05 14.22 13.92 13 -99 14.11 1L.92 14 .39 14 .10 
93 14 . 50 14 . 71 14 .91 15.12 14 .•3 14.64 14 .88 14 . 53 14. 86 14 .69 14 . 75 14.76 14.60 14.68 14.74 15. 5' 15.05 14 . 72 
9L 13 -39 13 .71 13 . 55 13.82 13.49 13-35 13 -63 13 .33 13-58 13 . 43 13 . 4c, 13.47 13.24 13.30 13.51 14.30 13. 76 13 .46 
95 14 .13 14 .13 14 .28 14 . 50 14.:.3 14 .o. 14 .31 14 .03 14 .25 14.14 14 .02 14 . 13 13-79 13 .98 14 . 18 14.93 14. 43 14.23 
96 14 .82 14 .75 14 .94 15.10 14. 74 14 .69 14.95 14.66 14.88 14.74 14.71 14 .82 14.54 14 .61 14.76 15 . 58 15 .05 14.90 
97 14 .76 14.78 14.81 14 . 47 14 .76 14 .62 14.66 14 .47 14.28 14. 77 14 .81 
96 14 .15 13 -93 14.23 13 . Bo 14 .13 14 .05 14 .05 13 .86 13 -59 14 .o6 14 .14 
99 14 . 76 14 . 56 14.96 14 . 42 14 .74 14 . 53 14. 74 14 .62 14.32 14 .82 14.76 
10C• 14 .84 14.36 14 .69 14.35 14 .64 14. 54 14 . 57 14.38 14.17 14. 63 14.66 
101 14 .85 14.22 14 .33 14 . 55 14. 13 14.49 14.30 14 . 53 14 .30 13 .89 14.54 14. 55 
102 14 .30 14 .09 14 .36 1l1 . 44 14 .18 13 ,74 14 . 22 
103 14 .13 13 .89 14 .12 14.25 13 . 83 14 . 20 14 .09 14.18 13 .92 13 .65 14 .26 14.04 
104 14 . 55 14 . 21 14 .36 14.52 14 .12 14 .45 14 . 28 14 . 52 14.37 14 .o4 14.66 
105 13 . 55 13 . 51 13 .60 13.86 13 . 51 13-37 13 .70 13 . 42 13 -65 13 .46 13 .32 13 . 44 13 .19 13 -37 13-53 14 .3C 13 -79 13.54 
1o6 14.20 14 .09 14 .23 14.44 14 .12 14.03 14 .30 14.02 14. 27 14 .o4 13 -97 14 .18 13 -93 14 .oo 14 . 11 14.9S 14 .4o 14. 25 
107 14 . !)4 14 .72 14 .95 15.05 14.El 14.65 14 .95 14 .66 14 .94 14 .87 14 .71 14.78 14 . 57 14 .78 14 .84 15.63 15 .05 14.73 
108 14 . 73 14 . 53 14.67 14.89 14.44 14 .79 14 .64 14.77 14 .61 14.33 15.42 14 . 75 14 .70 
109 13.68 14 . 44 14 . 56 14 .70 14 .37 14 .66 14. 53 14 .64 14 .47 14 .o8 15. 24 14 .67 14.54 
110 14 . 53 14 .17 14 .34 14.48 14 . 11 14 . 52 14.28 14 .42 14.30 14 .04 15.09 14. 57 14.30 
111 14 .4o 14 . 15 14.26 14 .44 14 .20 14.01 14.37 14 . 14 14.37 14 .17 14 .09 14 .13 13 .85 14.o4 14.21 14 .93 14.41- 14 .24 
112 14 .04 13 .92 14 .01 14 . 24 13 . Bo 14 .15 13 .Bo 14 .18 13 -96 13 .67 14. 74 14. 23 14. 41 
113 13.59 13 . 42 13.63 13.81 13 -58 14 . 41 13 -75 13-35 13 . 58 13 -56 13 .41 13 -53 13 .23 13 .41 13- 56 14.25 13.83 13 .45 
114 14 . 24 14 .o8 14.22 14.42 14. 20 14.oo 14 .32 14 .oo 14. 29 14 . 16 14 .o8 14.10 13 -90 14 .02 14 .18 14.99 14 .41 14 . 21 
115 14 .85 14 . Bo 14 .89 14.89 14. 35 14.66 14.98 14 . 75 14 . , 2 14.81 14 . 51 14 .76 14.47 14 .65 14. 76 15. 55 15 .o4 14.87 
116 14 . 29 14 .o6 14 .22 14 .46 14 . 20 14.05 14 .30 14.15 14.33 14 . 17 14.01 14 .18 13 -89 14 .03 14 . 19 14 .95 14 .4, 14.30 
117 13 .05 13 .42 13 -60 13 . Bo 13 .68 13-39 13 . 66 13 .42 13 . •,5 13.23 13 .41 12. 64 13 . 29 13.49 14.09 13.50 
118 13 -59 13 .94 14.12 14.31 14 . 20 13.BE 14 .20 14.oo 14 .40 13 . 72 13 -86 13 .26 13 .76 14 .o8 14 .60 14 .05 
119 14 .12 14 .47 14 .63 14.81 14 .74 14.41 14 .68 14 .41 14 . ,39 14 .36 14 .39 13 .69 14 . 29 14 .62 15. 12 14.56 
120 13 . 52 14 .11 14.13 14.4 2 14 .19 13.BE 14.15 13 -93 14 .33 13.84 13 .87 13.20 13 .74 14.02 14. 57 13-97 
121 12 .96 13 .4o 13.56 13 -90 13 .70 13-25 13 . 59 13 . 42 13 .85 13 . 28 13.28 12. 58 13.22 13 .48 14 .01 13 . 44 
122 13 .61 13 .85 14.02 14.18 14 .17 13.8o 14 .12 13.91 14.33 13 .73 13 .86 13.14 13 -75 14 .09 14.47 14 .o4 
123 13-77 14.38 14. 54 14 .66 14.36 14.61 14 . 28 14 .88 14 . 25 14 . 26 13.45 14 .o4 14 .45 14.98 14 . 52 
124 13 . 43 14 . 24 14.55 14. 25 14.30 14.14 14 .12 13 . 25 13 .92 14 . 28 14 .91 14 .32 
125 13 . 23 14.11 14 . 28 13-90 14 .05 13.89 13 .81 12.82 13-56 13 .96 14.61 14 .01 
126 13 . 17 13 .84 14.20 14 . 20 13 .81 14 .13 13 .90 14 .31 13 . 78 13 .67 12.76 13 .48 13 .90 14.49 13 -79 
127 13.05 13 . 74 14.05 13.65 13 .67 13 , 59 13 . 52 12. 56 13.27 13 .60 14.34 13.73 
128 13 .38 J.4.21 14. 61 14.19 14 .23 14 .23 14 .11 13.03 13 .70 14 .13 14 .23 
129 13.14 .14 .02 14.35 13 .98 14 .oo 13 .91 13 .82 12 .61 13.44 13 .82 13. 88 
130 12.81 .13. 77 13-97 13.60 13 -75 13 .49 13 . 50 12. 4o 13.32 13 -57 13 .66 
131 13 .23 .J.3 .31 13 .45 13 . 72 13 . • o 13 .36 13 . 59 13 .42 13.•9 13 .24 13 . 27 12 .87 13 .42 13 .61 14 .01 13 .63 
132 13 .78 :J.3 .89 14 .oo 14 . 15 14 .25 13 .79 14 .13 13 .87 14.33 13 . 72 13 .85 13 .32 13.79 14 .07 14. 54 14. 12 
133 14.01 .14 .43 14 . 51 14 . 73 14 .70 14 .30 14 .65 14.47 14.85 14 .22 14 .36 13 -71 14 . 51 14 .60 15.07 14 .60 
134 11 .85 :i.4 . 20 14.64 14 .19 14 .24 13.98 13 .86 11. 48 12 .33 12 .89 14. 83 12.95 
135 11.84 :i.4 .02 14. 42 13 -90 14.02 13 .76 13.61 11. 56 12 .49 12.96 13,0l 
136 11.86 :J.3 .83 14 . 27 12.Bo 13 -89 13 -73 13 .49 11. 60 12. 48 12 .99 13 .o4 
137 11.73 :J.3 .72 14.10 12 .65 13.70 13- 55 13 .32 11 . 21 12.26 12 . Bo 12 . 71 
138 13 .61 :J.3.4o 13 . 51 13-73 13 .68 13.27 13 -57 13 .38 13 .·7 13 .36 13 .45 13.10 13 .45 13 .67 13-99 13.74 
139 14 .10 :J.3 .86 13 .98 14 .16 11~ . 23 13 -79 14.09 13 .86 14.)5 13 -77 13.87 14 .05 14 .18 14. 56 14 .19 
140 14 .66 :i.4 . 42 14 . 53 14 .73 14 .,4 14.36 14 . 59 14.38 14.83 14 .26 14 . 47 14 .38 14.50 14. 60 15.00 14.76 
37 
Run # 1-A 2-B 2-C 2-D 2-E 2-F 3 -B 3-C 3-D 3-E 3-F 4-B 4-e 4-D 4-E 4-F 5-F 6-D 7-D 
Piezo . Pres . Pres. Pres . Pres . Pres . Pres . Pres . Pres. Pres . Pres . Pres. Pres. Pres. Pres. Pres . Pres . Pres . Pres . Pres. 
No . Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
141 14 .92 14 .11 14. 5C 14 .12 14.27 14.28 14 .47 14.68 14 . 55 14.45 14.37 
142 14 . 45 13 .71 14 .o6 l3.61 13 .65 13.Bo 13 -97 13 -87 14 .02 13-93 13.84 
143 14 .91 14 . 21 14 .62 14.13 14 .15 14.21 14.48 14. 41 14 . 53 14. 54 14.66 
144 14 .96 13-95 14.34 13 -99 14 .04 14 .05 14 .32 14 .44 14 .46 14.4o 14 .30 
145 14 .ckl 13 .70 14 .17 13 -73 13 -84 13 .92 14 . 13 14.39 14.28 14.23 14 .10 
146 14 .}8 13.69 13 .98 13 .65 13 -69 13 .72 13 -93 14.05 14.04 14.06 14 .04 
147 14 .~ 14 .18 14 . 55 14 .06 14 . 25 14.26 14 . 51 14.33 14 . 53 14. 59 14 -59 
148 14 .76 13 .87 14 .36 13 .92 14 .05 14.09 14.20 14. 26 14 .43 13 .43 14 .4o 
149 14 .~ 13 -70 14 .02 13 .65 13 -79 13.76 13.94 13 .91 14 .04 14 .12 14 . 12 
150 13 -77 13 -29 13 .47 13 .66 13 -75 13 . 26 13 -63 13 -35 13 .81 13-33 13 .48 13 . 24 13 .6c 13 .65 13 -96 13 -73 
151 14 . ,6 13 -83 13-95 14 . 23 14 .16 13 ,77 14 .07 13 .88 14 .33 13 -89 14 .o4 13 -70 14.02 14 . 20 14 .47 14 . 20 
152 14 . 72 14 .32 14 .41 14 . 75 14 .72 14 . 29 14 .63 14 .39 14 .85 14.48 14.53 14 .23 14.48 14.72 15 .01 14 .68 
153 14.6o 14.10 14 .66 14 .14 14 .36 14 . 29 14.36 14.39 14 . 51 14. 53 14 .79 14 .63 
154 14 .62 13 .94 14 . 42 13.98 13 .94 14.03 14 . 17 14 .11 14.36 14 . 44 14.62 14 . 52 
155 14 . L5 13 .90 13.96 14.19 14 .19 13 .84 13 .78 14 .29 13 -89 14 .07 14.02 14 . 20 14 . 27 14 .17 
156 13 -29 13.64 14.11 13 .65 13 .77 13 -71 13-89 13 .70 14 .03 14 .13 14 .23 14 . 20 
157 13 .82 13 . 26 13 .40 12 . 74 13 -71 13 .40 13.6c 13 . 44 13 .88 13 ,34 13 -56 13 .38 13 .61 13 -75 13.88 13 .81 
158 14 . 22 13 . 78 13 -90 14.13 14. 14 13 -75 14 .06 13 . 88 14 .32 13 -79 14 .01 13-79 13 -97 14. 21 14 .39 14 . 24 
159 14 . ~4 14 . 29 14 . 44 14.6c 14 .66 14 . 25 14 . 51 14.29 14.81 14 .23 14 .41 14 .33 14 . 59 14 .70 14 . Bo 14 . 73 
16c 14 .37 13-76 13 -89 14.13 14 .19 13 ,81 13 .98 13 -90 14 .36 13 . 73 13.98 13.85 14 .12 14 .19 14 .36 14 .23 
161 13 -57 13 -09 13 . 20 13 . 56 13 -79 13.08 13 .34 13 .07 13.85 13 .10 13 . 27 13.10 13 .64 13 .44 
162 13.94 13.4o 13 .49 13 .81 14 . 12 13 .38 13.69 13.47 14. 27 13 -35 13 .62 13 .49 14 .07 13 .62 
163 14 . 53 13.89 14 . 13 14 . 25 14.63 14 .03 14 .23 13 .99 14 .68 13 .86 14.15 13 .92 14 . 52 14.26 
164 14 . 10 13 .39 13 .62 l3 .85 14.13 13-53 13 .76 13 .49 14 .29 13 . 43 13.66 13.48 13 .99 13 . Bo 
165 13. 51 12 .94 13 . 14 13 .41 13 -76 13-03 13.21 13 .13 13 .91 12 .95 13 .19 13 .02 13 .63 13 . 25 
166 14 .oo 13 .46 13 .6c 13 .82 14 .17 13 . 45 13. 71 13 .44 14.26 13 .48 13 .69 13 .45 14 .06 13 .85 
167 14 .31 13 -69 13 .87 14 .13 1l1.6c 13 .77 13- 97 13 .83 14.68 13 -8~ 13 -91• 13 -75 14 .46 13 .87 
168 13. 53 13 . 10 13 . 22 13 -52 14.18 13 .10 13.29 13.11 14.23 13.12 13 .16 13.07 13 -99 13 .12 
169 13 . 56 13 .01 13 . 12 13 .36 13 .81 13 -03 13 . 26 12 .95 13 .88 13 .01 13.18 13-03 13 -75 13 -30 
170 13 .95 13 .46 13 .62 13 .94 14 .16 13 . 44 13 .78 13 -53 14.26 13 .48 13 .67 13.49 14.03 13 . 86 
171 14 . 19 13 -63 13 .79 13 .88 14 .65 13 .64 13 .85 13 .65 14 . 71 13 .66 13 -86 13 -70 14 . 50 13 .65 
172 13 . 46 12 .98 13 .05 13 .32 14 . 20 12 .99 13 .10 13 .06 14 .30 13 .01 13.08 13.00 14 .05 12 .67 
173 13 .39 12 .87 13 .07 13 .21 13 .86 12 .88 13 .14 12.86 13 .91 12 .90 13 -07 12 .87 13 .74 13 .01 
174 13 .86 13 .48 13 -52 13 .44 14.15 13 -50 13 .18 13-39 14 . 28 13 .48 13 .6c 13 . 41 14 .13 13 .70 
175 14 .n 13 . 52 13 .71 14 . 23 14.56 13 .62 13 -65 13 .42 14 .69 13. 51 13 .63 13.54 14 .48 13 -3 5 
176 13.19 12 . 74 12 .87 13 .14 14 .21 12.64 12. 92 12 . 78 14 .32 12.68 12.84 12.66 1• .12 12. 25 
177 13 . 23 12 .71 12 .83 13 .o4 13 .82 12 . 72 12 .95 12 .67 13 -99 12 .71 12.93 12.77 13 .76 12 . 49 
178 13 .Bo 13 -33 13 .41 13 .88 14 .27 13 -29 12 . 54 13 . 22 14 .34 13 -33 13.51 13 .34 1L.11 13 . 46 
179 13 .88 13 .30 13 .45 13 -73 14 . 54 13 .32 13 -50 13 -37 14 . 71 13 -30 13 . 48 13 -31 1L. 51 
18o 12 .96 12. 53 12 .62 12 .84 14 .23 12 . 50 12 .69 12 . 52 14 .36 12.54 12.56 12. 48 1L .10 11.64 
181 13.17 12 .49 12 .69 12 .94 13 .88 12 . 56 12 .76 12 . 55 14 .07 12.56 12 .83 12.63 13 .91 12 . 21 
182 13-68 13 .15 13 .37 13 .46 14 .26 13 -15 13 . 42 13 -19 14 .40 13.15 13.45 13 . 24 14.23 13 -11 
183 13.66 13 .20 13 . 28 13 .34 14 .61 13 .07 13 -33 13 .26 14 .77 13 .16 13 . 26 13 . 18 14 . 55 12.61 
184 12 .66 12 .28 12.34 12. 55 14 . 20 12 . 29 12 .38 12 . 22 14 .38 12 . 24 12 .35 12 . 16 1, . 17 11 .06 
185 12.85 12 .39 12 .42 12.6c 14 .02 12 .26 12 . 55 12 .29 14 .12 12 . 29 12. 53 12 .38 13 -93 11. 59 
186 13 . 52 13 .13 13 .16 13.28 14 .37 12.96 13 -27 13 .06 14 . 51 13 .02 13 . 23 13.07 14 . 29 12 .67 
187 13-54 13 .02 13 -10 13.38 14 .6c 12 .98 13 . 21 13-03 14 .78 12 .97 13 -11 13.14 14 . 51 12.22 
188 12 .31 11.99 12 .02 12 . 23 14 .33 11.88 12 .08 11.90 14 .49 11.94 12.06 11.92 14 . 23 10 .31 
189 12 . 55 12 .09 12.11 12.43 14 .08 11.98 12 .27 11 .41 14 . 22 12.00 12 .18 12 . 10 13 -99 10 .89 
190 13.34 12 .79 12 .98 13,17 14 . 46 12 .84 13 .08 12.71 14 . 59 12 .72 13.06 12 .89 H .4o 12 . 11 
191 13.49 12 .91 13 .05 12.38 14 .79 12.93 13 . 12 13 .00 14 .84 12 .91 13 .14 12 .90 14 .66 12 .03 
192 12 . 55 12 . 11 12 . 24 12.43 14 . 47 12 .05 12. 23 12 .10 14 .4o 12 . 17 12 . 21 12.19 14 . 24 10.71 
193 12.52 12.01 12 .08 12 .39 14 . 19 12 .03 12 .24 12 .00 14.37 11.97 12 .19 12 .13 14 . 13 10.72 
194 13-23 12 . 73 12. 81 12 .96 14 -57 12 .64 12 .89 12 . 58 14. 72 12 .6; 12 .85 12.92 14 .48 11. 73 
195 13-68 13 .35 13 .21 13 . 54 14 .95 13 .16 13 .42 13.00 15.02 13. 14 13.43 13.21 14.86 12.43 
196 13 .03 12 . 54 12.63 12 . 84 14.57 12.49 12.67 12 . 40 14 . 70 12 . 54 12 .65 12 .67 14 . 53 11.33 
197 12 . 57 11.99 12. 19 12 .39 14 . 26 12.06 12 .31 12 . 11 14 .45 12.15 12. 28 12 . 15 14 . 18 10 .75 
198 13.28 12 . Bo 12 .72 13 . 13 14 .61 12. 71 12.82 12 . 72 14 .82 12.79 12 .89 12. 75 14 . 58 11.69 
199 13.66 13 . 18 13 .34 12 . 54 15 .03 13 -13 13 -37 13.12 15 .10 13 . 12 13 .34 13 . 27 14.97 12.24 
200 13 -15 12 .67 12 . 71 12.92 14 .6c 12. 56 13 .86 12 . 56 14 . 72 12 . 58 12 .67 12.64 14 . 56 11.53 
201 12. 72 12 .31 12 . 44 12 . 74 14 .31 12 . 26 12 . 48 12 .14 14 . 57 12 .21 12 .42 12.41 14 . 19 11.10 
202 13 .17 12 . 58 12 .77 13 .08 14 .65 12 . 61 12 .83 12 . 48 14 .83 12. 72 12.Bo 12 .64 14 . 53 11 .49 
203 13 -54 13.03 13 . 20 13 . 48 14 .96 13 .00 13 .18 12.96 15. 13 13.02 13 . 20 12.95 14.91 11.94 
204 13 -15 12 .67 12 . 75 12 .98 14 .70 12 . 58 12 .76 12 .48 14 .83 12 . 5~ 12 .78 12 .63 14 .62 11.45 
205 12.70 12 . 21 12 .35 12 .63 14 .34 12 . 20 12 . 49 14 . 46 12 . 22 12.40 12 .32 14 .21 11. 14 
206 13 . 10 12. 67 12 .76 13 .05 14 .64 12 . 53 12 . 76 12 . 54 14.81 12 .61 12.77 12.66 14 .61 11.47 
207 13 .49 13 -02 13 -07 13 .34 15.06 12 .88 13 -11 12.92 15.15 12 .89 l3.o4 12.95 14.93 11.81 
208 13 .18 12 .64 12 . 72 12.95 14 . 73 12 . 58 12.79 12 . 58 14. 85 12 .62 12 .79 12 .76 14 .67 11.46 
209 13 -15 13 -59 13 , 57 13 . 74 13 . 52 13 .64 13 .45 13 -59 13 .13 13.52 13 .47 13.36 13 .63 14.21 13 . 45 13 -54 14.39 13-65 13 . 49 
210 14 . 50 15 .04 15.05 15.18 14.96 15 . 14 14 .85 15 .04 14 .69 14 .91 14.93 14.90 15.06 14 .77 14 .92 14 .94 15 . Bo 15.06 14 .89 
211 13-27 13 . 54 13-69 13 .85 l3 .6c 13 . Bo 13 . 52 13 . 72 13 .32 13 .62 13 .48 13 .49 13 -63 14.38 :J .48 13.6c 13 .66 13 .68 
212 14 .68 14 .97 14 .95 14 .67 14 .96 15 .11 14 .88 15.04 14 .99 14. 88 14.81 14 .98 14 .73 ~4 .86 14.95 15 .02 14 -95 
213 13 . 58 14 . 71 14 . 71 14 . 47 14.10 14.46 14 .66 14 .15 14 .70 14.69 14 .30 14 .78 14.37 14 .66 
214 13 .11 14 .37 14 . 27 14 .02 13 .94 14.18 14. 21 14 .oo 14 .31 14 . 25 14 . 27 14.20 14 . 21 13.98 14.25 
215 12.61 13 -72 13 .78 13 -50 13-15 13.6c 13 . 72 13 .47 13 .84 13 . 73 l3 .6o 13 -53 13 .81 13 .36 13 .78 
216 14 . 17 13 .90 14 .02 14 .16 13 .74 13 .69 13.92 13.68 13-97 13 .82 13.76 13 -71 13 .91 14 .11 13 .81 
217 15.08 14 .88 14 .94 15 .08 14 . 51 14 . 54 14.69 14 .61 14 .77 14 .61 14 .6o 14 . 54 14. 76 14.85 14 .71 
218 13 .00 13.78 13.81 13 .85 13 -57 13-77 13 -72 13 .87 13 .45 13 -77 13 .63 13 -90 13 - 59 13 .68 13 .64 13-59 
219 13.88 13 .92 14 .07 14 . 25 13.78 13 .84 13.85 13 . 69 13 .81 13-76 14.05 13 .&, 
220 14 .62 14 . 28 14 . 26 14 .44 13 -77 13. 86 14 .01 13 -95 14 .03 13 -97 14 .09 14 .14 14.25 13 .92 
38 
Rwi # 1-A 2-B 2-C 2-D 2-E 2-F 3-B 3-C 3-D 3-E 3-F 4-B 4-C 4-D 4-E 4-F 5-F 6-D 7-D 
Piezo . Pr~s. Pres. Pres . Pres. Pres . Pres . ?!'es . Pres. Pres . Pres . Pres . Pres. Pres. Pres. Pres . Pres. Pres . P:-es. Pres. 
No . Head Head Head Read Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
221 14 .96 14 .44 14 .45 14 . 52 14 .07 14.10 14.29 14.18 14.44 14 . 25 14.27 14.26 14 .38 14 .46 14.}4 
222 14 .98 14 .68 14.75 14.77 14 . 23 14 .25 14 . 51 14 .37 14 . 50 14 . 4o 14.47 14.51 14 . 57 14 . 75 14. 45 
223 14. 72 14. 74 14.83 15.05 14.61 14 .70 14 .68 12.BL 14.48 14 .65 14 .82 14.50 14.84 14.73 
224 13.6o 15 .99 
225 13.56 14 .82 14.76 14. 55 14.59 14.62 14.68 14. 42 14.76 14 .62 14.64 14.68 14.45 14.;7 
226 13.18 14.41 14.33 14 .11 14.02 14 .27 14 .33 14 .05 14.37 14.19 14.11 14 .23 14.04 14 .23 
227 12.75 14.04 13 .94 13 .81 13.79 13 .89 13 .89 13. 59 13 .87 13-75 13.61 13 .67 
228 13 .49 14.o4 14.04 14.11 13-75 13 -95 13 .84 13 .63 13.87 13-99 13 ."5 
229 14.o4 14.21 14.27 14 .36 13.89 14 .09 13.99 13 .90 14.04 14.19 13.67 
230 14.35 14 .38 14.46 14. 56 14 . 13 14.33 14 . 26 14.10 14.21 14.44 14.27 
231 14.4o 14.65 14 .72 14 .86 14 .34 14 . 47 14. 55 14.El 
232 14.28 14.83 14.87 14 .83 14.50 14 .64 14.68 14.73 
233 13 .19 14 .07 14 .01 13.73 13.46 13 -67 14 .07 13 .87 13.88 13.9; 13 .94 14.84 13.E5 
234 13.24 14.11 14 .18 13 .86 13.62 13.84 13 .64 
235 13.57 14 . 50 14 . 47 14 . 27 13 .94 14 .16 14.55 14.32 14.35 14.5:> 14.48 15.31 14.c8 
236 13.84 14 .74 14.80 14 .46 14. 22 14 .42 14 .37 
237 14 .05 14.91 14.91 14 .6; 14.32 14 . 50 14 .99 14 .77 14 .84 14 .94 14 .91 15. 72 14. 51 
238 13.82 14 . 74 14.81 14. 53 14.21 14 .42 14.41 
239 13-75 14.50 14.53 14 . 25 13 -95 14 .15 14.56 14.34 14 .36 14. 56 14.38 15.31 14 . 23 
24o 13 . 27 14 .09 14 . 20 13 -95 13 -57 J.3 .74 13 -77 
241 llc.34 14.20 14.20 12. 59 12.28 12. 55 12 . 50 
242 1,.47 14 .33 14 . 24 12.52 12 .68 12.63 
243 J.3.o6 15 .00 14.86 13.05 13 . 24 13 .32 
244 
245 14 .88 14.77 12. 72 12.92 13.10 
246 14. 73 13.16 
247 14.89 14.82 13-35 12 .92 13 .).3 13.16 
248 14 .31 14.23 12 .84 12.43 12. 57 12 .68 
249 12.39 14.32 14.18 12.56 12 .32 12.39 
250 12.70 14.59 14.48 13.00 12.53 12. 71 12.77 
251 12.99 14 .90 14.87 13.19 12.80 12 .98 13.01 
252 12.69 14 .6o 14 . 52 12 .86 12 .43 12 .62 12.'3 
253 12.39 14 .47 14.39 12.49 12.14 12 .28 12.38 
254 12.67 14.78 14.67 12.86 12 . 52 12 .6o 12.65 
255 15.17 15.03 13.18 13.00 13 .19 13 -29 
256 12 .73 14.84 14.69 12.92 12.55 12 . 72 12. 78 
257 12.29 14.48- 14.4o 12.47 12.o4 12.36 12 .38 
258 12.62 14.86 14 .76 12.Sl 12:49 12.76 1.2. '72 
259 1.3 .10 15.19" 15.07 13.38 12 .87 13 .08 13.12 
26o 12.79 14 .88- 14.73 12 .S2 12 . 55 12 .70 12 .82 
261 12 .38 14 .6L 14 .45 12.65 12.16 12 .36 :2.~1 
262 12. 73 14 .96 14 .73 12.B4 12. 56 12 . 71 
263 15.3L 15 .15 12.35 12.78 l3.o4 12.97 
264 12 .81 14.94- 14 . 75 12.86 12 .6o 12. 74 12.78 
265 12 .33 l3-9T 14 .42 12 . 46 12.14 12.25 l2.24 
266 12. 72 14 .94- 14.77 12.79 12.50 12.68 12.76 
267 13 .05 15. 23- 15 .12 13 .15 12 .85 13.03 :3.05 
268 12. 59 14.94- 14.82 12.89 12.45 l2 .6o :2 .68 
269 12 .39 14 . 5/! 14.44 12. 50 12.17 12.38 12.45 
270 12 .66 14 .81! 14.78 12.65 12 .57 12.70 12 .68 
271 12 .79 15 .24- 15.07 13 .11 12.71 12.71 12. 79 
272 12.59 14 .91. 14. 74 12.84 12.43 12 .71 l2.6o 
273 13 .34 13.6c 13.71 13 -86 13.63 13-50 :3.74 13-17 13 .65 13.45 13.50 13 -50 13-17 13 . 47 13 -51 14.36 13 .74 13. ,3 
274 14.45 14. 87 14.93 15.17 14.83 14.66 :4 . 86 14 . 57 14.77 14 .66 15 .12 14 .67 14.47 14.72 14 .78 15.59 14 . 88 14.70 
275 13.44 13. 61,;: 13-73 13-93 13.68 13-51 ]3 .80 13 . 26 13-61 13 . 46 13-55 13.'3 13.36 13-53 l3.67 13.81 13-54 
276 14.55 14 .8c: 14 .83 15.15 14.87 14. 70 :4.85 14.43 14. 75 14.62 14.67 14.83 14 . 27 14 .69 14.83 14.98 14 .70 
277 13 .03 14. 72' 14 .77 15 .01 14.70 14. 55 :4.56 13 .22 13.61 14.84 14.41 14 .24 14 .49 14.64 13-97 13 . ,7 
278 l2 .74 14.2'.;: 14 .31 14 . 52 14.13 14.19 12 .93 13.56 13 .66 14.o6 13.74 14.08 14.18 13.80 13.o8 
279 ]2.19 13 .87 13.91 14.12 l.3 -71 13.e4 12.48 13.14 13 .45 13 .64 13-29 13-71 13.86 13 . ;o 12 . 61 
280 14.12 14 .oc: 14 .02 14 .36 13.83 14.13 13 -66 13-77 13 .52 13-93 13 . 54 13 .85 13-98 13 .62 13-77 
281 14.49 14.r, 14 .24 14.65 14.20 14.32 13.86 13 -65 13 . 27 14.05 13.85 14.01 14.07 13.6o 14.•)2 
282 14 .63 14.3E 14 .36 14.75 14 .37 14 .38 14.48 13 .88 13-90 13. 59 14.23 14.09 14. 22 14.37 13 -75 14.o)0 
283 14.99 14 . 5E 14.58 14 .89 14 . 56 14.73 14.19 13.96 l3 .6o 14.47 14 . 23 14.41 13.94 14.37 
284 14.87 14 .7,:: 15 .07 14 .63 14.e6 14 .30 14 . 50 14. 21 14. 53 14.28 14. 57 14 .43 14 . 53 
285 13 .12 13 -9:! 13 .98 14 .25 13 .94 13-77 13 .Ea 13-13 13 . 42 13.36 13.90 13.90 13-53 13 -77 13.83 14.65 13 -58 13 -33 
286 13-55 14 .0= 14 .4o 13 .86 14.10 13.43 13 .69 13 . 45 13 -53 13.80 12.59 
287 13.88 14. 2E 14.56 14 .12 14.26 13.49 13-77 13-59 13 -69 13 . 5o 
288 14.10 14.3E 14.44 14.75 14 .37 14.31 14 .48 13.82 13 .92 13 .76 14.21 14. ;o 13-98 14.23 14 .31 15.10 14.04 13.96 
289 14 . 25 14. 5C 14 .85 14 .49 14. 58 13.90 14.16 13 .98 14.14 14.16 14.)5 
290 14.20 14 .6E 15 .05 14 .61 14.71 14.07 14.31 14.10 14.25 14.43 14.21 
291 13 .81 13.87 14.80 14.76 14.61 14 .16 14.36 14.18 14.65 14.79 14.4o 14.66 14 .77 15. 55 14.46 14.13 
292 13.28 14 . 54 14.61 13 .78 14.15 14.04 14 .32 14 .36 13.;4 
293 13.00 14 .39 14.37 14.19 14,!0 13-53 13-93 13.82 14 .14 14. 29 14.oo 14.19 14.33 15.12 14 . 13 13.70 
294 12.6o 13 .94 13.98 13 .24 13 . 57 13.4o 13-59 13. 75 13 .20 
295 13.15 14 .02 14 .07 13.12 13.32 13.15 13.46 13.12 
296 13.24 14 .39 l4.L5 13.24 13 -53 13 .47 13 .84 13-35 
297 13 -69 14.57 14.66 13-59 13.86 13.74 14 .05 13 .68 
298 12 .43 13 .99 14.07 12 .19 12.45 12.39 12.57 12.46 
299 12.63 14.13 14.16 12.31 12. 53 12.45 12.71 12.50 
300 12 . 56 14.43 14.43 12.47 12.69 12. 59 12.99 12.57 
39 
Rur~ # 1-A 2-B 2-C 2-D 2-E 2-F 3-B 3-C 3-D 3-E 3-F 4-B 4-C 4-D ~- E 4-F 5-F 6-D 7-D 
Piezo . Pres. Pres. Pres. Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres . Pres. Pret . Pres. Pres. Pres. Pres. Pres . Pres . 
No . Head Head Head Head Head Head Head Head Head Head Head Head HeaC. Head Head Head Head Head Head 
301 12 .6o 14 . 53 12 . 76 12.76 13 .05 12.9, 12. 58 
302 12 .88 14.65 14 .67 12 .62 12.72 12.66 12.99 12. Bo 
30'.· 13 -1? 14 .62 14 .65 12 . 75 12.91 12.68 13 .03 12 .92 
3()1. 14.22 14 .35 14 .49 12.6o 12 .48 13 .3L 12 . 59 12 .66 
305 12 .86 14 .14 14 .28 12 . 25 12 . 53 12 .31 12 . 72 12 .69 
3o6 12 .37 14.07 14 . 13 11.93 12.19 12.07 12 .38 12 . 22 
30. 12.69 14.40 14 .48 12 .32 12 .65 12 . 5L 12 .78 12 .48 
308 13 .08 14 . 72 14 .87 12 . 74 12.88 12 .81 13 .05 12.96 
309 12 .92 14 .45 14. 50 12.48 12 .68 12 . 51 12 .81 12 .. 6o 
31(• 12.08 14 .35 14 .26 u .8o u .88 u .8! 12 .09 ll .97 
3ll 12 .88 14.69 14 . 56 12 . 43 12 .70 12.58 12 .83 12 . 75 
312 13-35 15.03 14.97 12 .90 13 .12 12.99 13 . 27 13 .18 
3~ 12 .88 14.68 14.63 12 . 51 12.62 12.50 12.83 12.66 
31L 12.27 14.43 14.36 u .92 12.ll 11.94 12.25 12 .34 
315 13.00 14 .70 14.65 12 . 58 12.83 12 .60 13 .03 12 .86 
316 13 .40 15 .05 15.01. 13 .02 13.09 12 .99 13 . 43 13 . 27 
317 12.84 14. 73 14 .74 12 . 55 12.70 12 . 56 12 .90 12 .66 
31& 12 . 58 14.48 14.41 12. 22 12.29 12.06 12 . 51 12.31 
319 13.18 14. 76 14 .76 12 . 57 12.84 12.6i= 13.0, 12 . 72 
32C 13 . 22 15. 13 15.u 12 .95 l3.o6 12.89 13 .28 13 .08 
321 12 .76 14.77 14.77 12 . 55 12.69 12 . 5c: 12.86 12 .66 
32C 12 .49 14.43 14.37 12.21 12 .41 12 .17 12.56 12 .44 
323 12 .90 14 .78 14.73 12.57 12 .68 12.54 12.89 12. 73 
324 13.22 15 .10 15.03 12 .90 13.09 12 .93 13.29 13 .02 
32; 13 .04 14 .82 14 . 73 12.58 12 .77 12. 5E 13.10 12 .76 
32E 12.53 14 .44 14.34 12.20 12 .36 12 . 22 12.62 12 .34 
321 12.83 14 .73 14.72 12.42 12 .64 12 .49 12.88 12. 70 
32E l3 .o8 15 .o6 15 .o4 12. 75 12 .89 12 .67 13 .03 12.96 
32S 12.70 14.69 14. 75 12.36 12.57 12 .37 12 .74 12.62 
33C 13.32 13 . 54 13.62 13 . 83 13 .62 13.48 13 .62 13 . 43 13.85 13 .28 13.::5 12 .47 13 . 25 13.47 14.02 13 .63 
331 14.33 14.38 14.57 14 . Bo 14.70 14 . 43 14. 55 14 .34 14 .85 14.22 14 .36 13.83 14 . 22 14 .49 15.04 14 .69 
332 12 .01 12 .24 12.63 12 .4o 12 .14 12.26 12.13 12 .08 12.18 ll . 55 u .77 12 .05 12 .30 
333 14.18 14.44 14.54 14 .98 14 . 74 14.38 14. 55 14 .44 14 . 29 14.42 13 .72 14 .04 14 . 24 14 .38 
334 u.96 14 .32 14.39 14 . 71 14.54 14 . 25 14 . 22 14 .o6 l3 .S3 u.17 11.59 14.69 12.90 
335 ll.4o 14.oo 14 . 11 14.45 14 . 29 13. 99 14.04 13 .77 13 . ;9 11.18 11.94 12. 53 12 . 55 
336 10 .75 13.66 13.70 14.10 13 .97 13 . 58 13 .67 13 .44 13 . 22 10.41 10 .95 11.86 11. 58 
337 13.90 13.84 13.90 14.35 14 .02 13 .76 13.Bo 13 .96 14 .c6 13.25 13 .18 12.84 13 .08 
338 14.55 14 . 50 14.53 14 . Bo 14.61 14.31 14 . 29 14 . 54 14 .66 13.95 13 .68 13 .32 13 .21 
339 12.99 13.79 13 .Bo 14 .10 13 .98 13 .63 13. 87 13 -75 14 .05 13 . ,,6 13.;0 12.46 12 . 74 12.96 13 .02 
34o 14 . 10 14.o6 14 .36 13 -90 14 .09 14.35 13.42 12 .68 11.97 12 .36 
341 14 . 15 14 .19 14.23 14.65 14 .37 14 .10 14 .30 14 .19 14 .49 14.30 14 . ;6 13 . 13 12.59 12 .32 12. 44 
342 14 . 17 14.37 14.68 14 . 23 14 . 25 14.42 14.E5 13 . 51 13.12 12 .42 12 .44 
343 13-77 14.41 14 . 57 14.84 14 .63 14 .42 14 . 59 14 .34 14 .84 14 . 20 14.c4 13.20 13.54 13.62 13 .84 
344 12.23 14.35 14.78 14 .33 14.35 13 .99 13-55 11.75 13 .o6 13.44 13 -55 
345 11.50 14.05 14 . 14 14. 55 14 .30 13 .02 14. 23 14.01 14.50 13.91 13.64 11.35 12 .33 12.90 12 .95 
346 11.01 13.61 14.15 13 .71 13 .68 13 -53 l3 .a8 10.81 12.31 12 .66 12 .77 
347 12 .32 13.62 13 .39 11.98 12.36 12 .46 12.70 
348 12.71 13 -75 13 .78 12.37 12.66 12 .64 12 .82 
349 13.00 13 -79 13-~ 12. 47 12 .66 12 .75 12.97 
350 13.28 13 .88 14.Cl 12 . 71 12 .94 12.86 13.o6 
351 13 . 45 14.3 5 14 .32 12 .85 13.12 13. 29 13 -35 
352 13 .36 14 .20 14 .11 12 . 84 13 .14 13 .20 13 .26 
353 12 .96 14 . 21 14 .c5 12 . 57 13 .04 13 -17 13 . 27 
354 12 . 55 14.09 13 .54 12.34 12 .81 13 .00 13 .14 
355 12 . 56 13.81 13 .72 12 . 17 12 .89 13 .08 13 .26 
356 12 .04 13 -53 13.41 11.66 12 .47 12.6o 12. 75 
357 12 .16 13.66 13 .64 11.68 11.89 12.00 14 .47 12. 25 
358 11.89 13 -79 14 .cz 12 . ll-4 11.ao 11 .95 14 .78 12 .18 
359 12 .79 14 . 21 14 .09 1 2 . 20 12 .46 12. 58 15 . 13 12. 72 
36o 12 .86 13.96 13.91 12 .11 12.33 12.33 14 .Bo 12 .46 
361 12 .34 14.oo 13 .e.l u.87 12.11 12 . 14 12.35 
362 12 .82 14.26 14 .25 12 . 20 12 . 52 12. 52 12 . 76 
363 13.02 14. 57 14. 0, 12 .36 12 . 73 12 . 79 13 .00 
364 12. 75 14 . 28 14.21 12 .34 12.48 12.48 12 . 79 
365 12.23 13.97 14.re 11 .81 11 .95 12 .07 12 .09 
366 12.74 14.34 14 .31, 12 .33 12 .39 12 .42 12 .62 
367 13-33 14 .64 14 .77 12.87 13.01 13 .12 13.26 
368 12 .90 14 .31 14 .36 12.47 12 .39 12 . 56 12 .66 
369 12 .4o 13.99 14 .(ji 11.98 11.94 12 .17 12.17 
370 12.94 14 .41 14.35 12 . 50 12 .47 12 .64 12 .84 
371 13.31 14 . 70 14.72 12.86 12.94 13 .04 13 . 23 
372 12 .93 14. 29 14 . 4-9 12.46 12. 52 12 .69 12. 76 
373 12 . 51 14.10 14.1.!.. 11 .98 12 .04 12 .17 12 .36 
374 12 .89 14. 45 14 . 5) 12.49 12 . 47 12 .66 12.82 
375 13 .44 14 .79 14. B:l 13 .08 13.00 13.15 13 -35 
376 12.93 14 .39 14 .43 12 .41 12 . 53 12.46 12 .78 
377 12 .48 14 . 12 14 . H u .96 12.02 12.14 12.30 
378 12.94 14 .45 14.4-3 12 . 59 12 . 55 12 .64 12 .83 
379 13.42 14. 76 14 . 8-1 13 .03 13 .03 13.07 13 .31 
38o 12 .96 14.48 14.42 12 .43 12.47 12.65 12 . 75 
40 
Run # 1-A 2-B 2:IC 2-D 2-E 2-F 3-B 3-C 3 -D 3-E 3-F 4-B 4-c 4-D 4-E 4-F 5-F 6-D 1-D 
Piezo . Pres . Pres . F-es . Pres . Pres . Pres . Pres. Pres. Pres . Pres . Pres . Pres . Pres . Pres . Pres. Pres . Pres . Pres. Pres . 
No . Head Head -d Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
381 12 .70 14 . lC 14 .10 12.24 12.18 12 . 24 12.46 
382 12 .94 14.4; 14 . 44 12 . 58 12. 57 12 . 61~ 12.82 
383 13 . 26 14.74 14 .89 12 .87 12 .87 12.92 13 . 17 
384 12.97 14.4S 14 . 52 12 .6o 12 . 55 12 .62 12.82 
385 12 .62 14 . lE 14.15 12 . 25 12 .20 12.23 12 . 51 
386 12.93 14 . 4E 14 . 50 12 .6o 12 .46 12 . 59 12 .85 
387 13.08 14 .8; 14 .82 12.'74 12 .90 13 -17 
388 12.92 14 .4, 14.43 12 . 52 12.55 12 . 75 
389 12 .61 12 .12 :,::: .39 12 .65 14.30 14 .33 12 .42 12 .36 14.52 12 .31 12 .35 12 .64 u. 21 
390 12 . 59 12 .26 :ir::: . 41 12 .78 12 .31 12 .63 
391 13.03 12 .71 :ir::: .77 13 .13 14.70 12.63 12 .74 12 .61 14 .85 12 .5, 12 .82 12.87 11. 51 
392 13.48 13 .07 :,,. .16 13 .49 14 .99 13.03 13.10 13 .04 15 . 16 12 .85 13 . 16 13 . 27 11.91 
393 13.08 12.61 i:: . 76 13 .04 14 . 72 12.65 12.77 12.65 14 .82 12 . 55 12.19 12 .95 u . 51 
394 12.77 12 .34 12 .93 12 .34 12.65 
395 12 .83 12 .30 12 . 73 12 . 27 12 . 59 
396 12 .73 12 . 27 :c: .39 12 .69 14 .44 12 . 2s 12.48 12 . 24 14 .41 12.16 12.44 12 . 54 11.10 
397 12. 73 12 .36 12. 71 12. 24 12 . 52 
398 12.98 12 .62 J:. 68 13 .02 14 .65 12 . 55 12. 71 12 . 57 14 .Bo 12 . 59 12.69 12.89 11.37 
399 13.46 12 .91 • . o6 13 .36 15 .04 12 .94 13.04 13 .00 15 .12 12 .85 13.05 13.21 u .11 
4oo 13.10 12.65 :c: .72 13 .10 14.69 12 . 57 12 . 7• 12 .65 14 .81 12 . 5'- 12.85 12 .87 u. 42 
401 12 .87 12 . 44 12 .84 12 .37 12 .69 
402 12.84 12 .4o 12 . 78 12 .30 12 . 57 
403 13 .09 12.64 :'.= .6o 13 .04 14 .67 12 . 51 12 .69 12 .65 14 . Bo 12 .6~ 12. 74 12 .74 u.35 
404 13 .32 12.99 :'.=.91 13 .38 15 .02 12 .96 13 .01 12 .98 15 .13 12.82 12.98 13.17 n.68 
405 13 .04 12 .67 :'.=.63 13 .17 14 .71 12 . 58 12 .70 12. 76 14.83 12 .49 12.67 12 .81 ll.36 
406 12 .49 12 .28 12 . 50 12 . 12 12 .25 
407 12 . 56 12.05 12. 58 12 .00 12.31 
408 12 .44 12 .02 12 .49 n .90 12 .36 
409 12 . 56 12 .ll 12 .39 12 . 14 12 .28 
410 12 . 55 12 .12 12.47 12.05 12.35 
4u 12 .25 u .98 12 . 23 11.94 12 . 15 
412 12 .28 12 .07 12 .35 u .85 12 . 16 
413 12.50 12 .14 3 .20 12 .48 14 .40 12 .o6 12 . 21 12 .ll 14 . 44 12 . Q"I' 12.18 12 .38 10.65 
414 12.42 12 . 22 12.54 12 .10 12 .38 
415 12 .93 12 . 55 3 .62 12.87 14 .64 12.50 12 . 54 12 .32 14. 78 12 .4; 12 . 58 12.67 u.09 
416 13 . 26 12 .88 ~ .92 13.18 15.o6 12 .76 12 .97 12 .75 15 . 13 12 .77 12.94 13 .01 u . 50 
417 12.88 12.50 3 ,47 12.86 14 .65 12 . 43 12.5g 12.45 14 . Bo 12 .30 12.48 12 .67 u .05 
418 12 .6o 12 . 24 12.6o 12 . 24 12 .18 12 .40 
419 12 . 56 12.23 12. 59 12.14 12 .33 
420 12 . 55 12 .10 12.42 12 .08 12 .35 
421 12 . 58 12 .16 12. 58 12 .09 12 .34 
422 12.68 12.22 13.56 12 . 28 12 .45 
423 12 . 58 12 . 22 12 . 53 12.16 12 .42 
424 12 . 59 12 . 12 ::2 . 18 12.48 14.35 12.13 12 .26 12.13 14 .45 12 .03 12 .18 12 .36 10 .75 
425 12 . 51 12.23 12 . 57 12 . 14 12 .45 
426 13 .01 12 .67 3 . 51 12.85 14 .61 12 .47 12 .64 12. 56 14. 76 12.4 5 12 . 59 12.67 11.10 
427 13 .27 12 .81 3 .87 13 . 20 14.93 12.79 12.91 12 .91 15.oB 12.8) 12.90 13 .01 
428 12 .92 12 . 52 3 . 52 12 .86 14 .66 12.47 12. 54 12.48 14.79 12 .45 12. 54 12.69 ll .12 
429 12 .69 12.25 12 .63 12 .20 12.40 
430 12 . 58 12.27 12. 57 12 .18 12.29 
431 12 .84 12.40 12.73 12 . 45 12.62 
432 12 .83 12 .38 12 .83 12 . 40 12 .40 
433 13 .05 12.67 12 .94 12 .65 12 .89 
434 13 .03 12 .73 12 .94 12.64 12. 74 
435 12 . 70 12 .41 12.67 12 .31 12. 58 
436 12 .6o 12 .33 12.65 12 . 26 12 .48 
437 12 . 75 12 .32 12 .66 12 .14 12 . 51 
438 13 .09 12 .71 13 .o6 12 .65 12.88 
439 13.09 12 .67 13 .00 12 . 56 12.93 
44o 12. 78 12 .27 12 .70 12 .33 12 . 57 
441 12 . 54 12 .03 12.47 12 .07 12 .26 
442 12. 53 12 .09 12.56 12 .02 12 .33 
443 12 . 74 12.32 12 .75 12 . 26 12.56 
444 12 . 71 12 . 26 12.63 12 . 15 12.43 
445 12 . 51 12 .22 12.48 12 .04 12.31 
446 12 .90 12 . 54 12 .93 12 . 57 12 .61 
447 12 .87 12 . 54 12 . 74 12.30 12 . 58 
448 12 .99 12 .62 12 .98 12 .46 12 .67 
449 12 .77 12 . 55 12 . 70 12.39 12 .67 
450 12.78 12 .30 12 . 71 12 .40 12. 51 
451 12.34 u .93 12 .31 11.96 12 . 16 
452 12.33 12 .00 12 .36 12 .00 12 . 20 
453 12.36 12 . 19 12 .41 12 .08 12.40 
454 12 .68 12 . 16 12. 53 12.02 12.40 
455 12 .39 
456 12 . Bo 12 -37 12.72 12.25 12 .65 
457 12 . 74 12 .28 12 .63 12 . 23 12 .47 
458 12 .64 12.30 12.54 12 . 14 12 .49 
459 12 .}8 12 . 10 12.40 12 .04 12 .33 
46o 12 ."53 12.02 12 .41 12.o6 12.23 
41 
Run If 1-A 2-B 2-C 2-D 2-E 2-F 3-B 3-C 3-D 3-E 3 -F 4-B 4-c 4-D ~-E 4-F 5-F 6-D 7-D 
Piezo . Pre s . Pres . Pres. Pres . Pres . Pres . Pres . Pres . Pres. Pres . Pres. Pres . Pres . Pres . Pres . Pres. Pres . Pre s . Pres . 
No . Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head Head 
461 12 .35 u .89 12 .26 ll.87 12 .08 
462 12 .42 12 .05 12. 4C 12 .01 12 . 23 
463 12 .67 12.22 12 .63 12.18 12 .45 
464 12. 53 12 .o4 12. 48 12 .14 12 .25 
465 12 .20 u .8o 12 .17 u .84 11.96 
466 12 .3 5 u.91 12 .39 12 .03 12.ll 
467 12 .39 u.95 12 .32 u .95 12.11 
468 12.35 ll. 97 12.31 ll.8o 12.16 
469 12 .25 u .64 12. 20 11.79 u .64 ll.89 
470 12 .34 u .86 12 . 43 u .86 u.87 12 .02 
471 12 .46 u .97 12 .37 u. 97 11.93 12 .13 
472 12 .31 11.97 12.30 ll. 93 11.87 12 .o8 
473 12.o6 u.71 12 .o6 11.62 11.94 
47• 12 .28 11 .86 12 .18 u .75 12 .02 























APPENDIX A -2 
VELOCITY DISTRIBUTIONS WITHIN MANIFOLD 
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Model vel ocity - fps 
Model velocity - fps 
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1\Iodel velocity - fps 
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Model velocity - fps 
Run ZB, Q1 O. 55 cfs, 12. 22% of total discharge; Q4 
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Model velocity - fps 
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Mod el velocity - fps 
Run 2C , Q 1 = 1. 32 cfs, 25% of total discharge ; Q4 = 3. 95 cfs , 75% of total discharge 
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Model vel ocity - fps 
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Model ve l ocity - fps 
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Run 2E, Q1 ::: 3. 95 cfs, 74 . 67% of total di~charge; 
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Model ve locity - fps 
Run ZF, Q e 
1 


















.5 1 0 ·- ·-· - 1 
>, 

















- - 3 I 
----r 












0 .:: . 
u 





{ _) ~ _- 20 -
t -j I 
J~ 




~ 5 ---•- -
iS ;~--r" l---




Mod e l velocity - fps 
Run 3B, Q
2 
= 0. 56 c fs, 12. 5% of total disc harge; Q
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W.odel velocity - fps 
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Model velocity - fps 
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Model velocity - fps 
12 14 10 12 14 1 0 12 14 
Run 3D, Q
2 
= 4 . 02 cfs, 50% of total discharge; Q
4 
= 3. 95 c fs , 50% of total discharge 
52 
2 Ri--


















§ 10 +------ -- ---+ 









- - · --- -- . ,, .. !.: .. - --·----r--· ----
';.' i ·::_ . 
--tt~ ; :: l 
~:--- A --·14 ""'t, I 
" '~-~ I f' 
..;t J-- - \ 3 1 --~t-~ ..... i- _:! - -----i ._r. I ·:· 
-,; I ' 





I ~ I 
-1-------J.-4'-+-
l e--1, . -- 7 
I __ l =~= =---
4 2 







5 ~-- --- . ., ! 
~ 
I .c u .5 
















2 -t-·---. -- 1 
' 
20 




















.. -! .. _.,. 
5 0 
I 





j -- - ·24 
_; 
I JQ . 
--- -~ L __ , __ L 
12 14 2 4 






























! - - 5 
I ·• • - ,--.--










I•- , \ 
r~~ '-
i i ?. .,.. 
) - 5-, ... 
- ,(-- - # 
l I :>< 
,~ i J. 
t-1-·-t-~1'- -
I . '-i,1 - . l __ .£:.r ~,,, 
I 








'"' , j 
: J\ 










_ ....,___,,._ _ ·•- l 
:. I 
t \~.---9! 
''- ' 1 t"-~ --10--1- -<c lr -~ ~- :, r.. ,. . ·. 
I ". •, 
f -~ 
··--; ·- . I 
~l ; : ~:. :, : 
:%-~ -_:__ 1~.,,-
1 ~ ,, .. 
-~ 
--+-----11. 
I • • 




\ .--- 10. 
, I 
Model velocity - fps 












' ... ~ :- - 1 . a--: .:r .,.. 
.t---L 
























= O. 56 cfs , 12. 65% of total discharge; Q
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Model velocity fps 
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Model velocity - fps 
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Model velocity - fps 
Run 4D, Q3 = 3. 94 cfs, 50% of total discharge; Q4 
= 3. 94 cfs, 50% of total dis c harge 
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Model Velocity - fps 
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Run 70 , Q2 =- 3. 94 cfs , 50% of total disc harge ; Q3 
= 3. 94 cfs. 50% of tottl discharge 
60 
APPENDIX B - 1 
PR3SSURE HEADS ALONG MANIFOLD AND BYPASS RELIEF BRANCH WALLS 
6 1 
PRESSURE HEAD ALONG MANIFOLD AND BYPASS RELlEF BRANCH WALLS 
Run# 1-HB 2- HB 3-HB 4- HB 5- HB 6- HB 7- HB 8- HB 9- HB 10-HB 
Q 0 0 0 0 0 0 0 ,50 1.35 5.27 3 .04 
Br . 1 cfs cfs cfs cfs 
Q 0 0 0 0 0 0 0 0 0 0 
Br , 2 
Q 0 0 0 0 0 0 0 0 0 0 
Br . 3 
Q 5 .27 3 ,05 1.40 0 . 50 0 0 0 0 0 0 
Br. li cfs cfs cfs cfs 
Q 
Relief 1.83 2 ,00 l.97 2 ,00 2 ,10 2 ,00 2 .05 2 ,00 l.30 2 ,00 
Valve cfs cfs cfs er. cfs cfs cfs cfs cfs cfs 
Temp. 70°F 70°F 70°F 70°F 70°F 70°F 70°F 70°F 70°F 70°F 
Pi ezo . Pres . Pres . Pres . Pres . Pres . Pie';!;O , Pres . Pres . Pres. Pres . Pree , 
No . Head Head Head Head Head No , Head Head Head Head Head 
165 ll.33 13 .45 14 .16 14 .41 14. 54 
166 12 .03 14.03 14 ,62 14,77 14,99 l 14 .40 14 . 56 13 .85 
167 11 .88 14.17 14 ,88 15.23 15.39 2 15 .30 15.47 14 ,79 14.26 15.15 
168 10 , 77 13 , 42 14 .33 14, 70 14,99 3 16 .30 16 .40 15 .68 15.21 16 .07 
169 11.30 13 . 47 14 .21 14. 44 14. 59 4 15.39 15 .46 14,76 14 .26 15 .18 
170 12 ,ll 14,09 14 ,64 14,77 14,97 5 14 . 45 13.20 
171 ll.53 13,98 14 .82 15 .17 15.35 6 15.29 14 .24 
172 10 ,17 13.16 14 .18 14 .64 14,94 7 16 .21 15.18 
173 10,93 13.32 14 .07 14 .42 14,62 8 15 .38 14 .28 
171~ 11 .88 13,99 14 .61 l ldle 15.06 9 14. 51 
175 10,99 13.70 14 . 76 15 .o4 15.33 10 15 .35 14 ,29 
176 9.30 12.70 14 .02 14 .53 14 .88 11 16 .19 15 ,21 
177 10 .01 12 . 8<) 13.96 111. 26 14.55 12 15.39 14 .28 
178 11.51 13 .71 14.46 14. 74 14 .92 13 14,45 14.56 13 .78 
179 11.37 13 .41 14.62 15 ,01 15.18 14 15 ,27 15 .46 14.79 14 ,29 15 .20 
18o 8 .33 12 .27 13. 86 14 .51 14. 86 15 16 .31 16 .32 15 .67 15 .15 16 . 11 
181 9 , 44 12.63 13.90 14 .35 14 . 70 16 15.38 15.45 14 ,77 14 .27 15.12 
182 10 .83 13 .44 14 . 43 14 .78 15.05 17 14. 46 14 .65 
183 9 ,72 13 .13 14 . 45 14 .98 15 .36 18 15.33 15. 50 14 .30 
184 7 .26 ll.71 13 .68 14. 42 14 ,90 19 16 .23 16 .35 15 .15 
185 8 .33 12 .14 13 , 73 14 .29 14 ,70 20 15.35 15 .48 14 ,26 
186 9 ,99 13.13 14 .31 14 .So 15 .05 21 14.53 14 ,70 
187 8 ,90 12 .68 14.41 14 ,92 15.32 22 15 .22 15 .47 14 ,20 
188 6 .03 ll.13 13 .51 14.37 14,91 23 16 .11 16 .29 15 .05 
18<) 7,19 11. 57 13 , 58 14.22 14,70 24 15.29 15,49 14 .22 
190 9.oB 12 .72 14.26 14.69 15 .25 25 14. 59 14 . 75 14.oo 14.30 
191 8 . 72 12 .64 14 .39 14 ,99 15. 50 26 15, 41 15.46 14 , 75 14 ,21 1~ .16 
192 6 . 63 11, 46 13 .62 14. 43 14.95 27 16. 13 16 .27 15. 46 14 .95 15,91 
193 6. 78 11 .46 13.61 14 .32 14 . 78 28 15.83 15,98 15 .16 14 .47 15 .48 
194 8 .25 12 .37 14.17 14 ,77 15.26 29 15.36 15. 53 14.78 14 .18 15 .16 
195 9 ,17 13 .00 14 .66 15 .15 15. 73 30 15 .31 15 . 43 14 .64 l4 .o6 15.06 
196 7 . 63 12,04 14 .oS 14 , 75 15.26 31 14 .96 15.12 14,40 13 .70 14 .73 
197 6 . 79 11 ,49 13 .64 14 .44 14.90 32 15. 76 14.50 
198 8 .21 12 .31 14 ,20 14 .88 15 .25 33 15. 45 13.98 
199 8 ,94 12,91 14 .61 15 .24 15.71 34 14 ,99 13 .6o 
200 7.81 12.16 14 ,12 11 . 78 15.22 35 14. 56 14 . 74 14.03 13 .50 14.41 
201 7. 52 n. 84 13,74 14 . 44 15.07 36 15.33 15 .54 14.So 14.27 15.19 
202 7.84 12 .18 14 .ll 14 .84 15. 43 37 16 . 12 16 .28 15. 48 15 .07 15.91 
203 8 .36 12.58 14 ,47 15.17 15. 75 38 15. 73 13,96 
204 7.75 12.12 14.17 14 .So 15. 41 39 15. 44 13.48 
205 n.So 13 .85 14 .46 14 ,96 40 15 .22 13 .39 
2o6 12,19 14.16 14 .So 15 .47 41 14 . 8<) 13.14 
207 12 .53 14.66 15.04 15. 73 42 14. 57 13 .50 
208 12 .25 14.28 14 .78 15.44 43 15.32 14 .30 
38<) 7 ,34 11.57 13,72 14 .41 15 .05 44 16 .12 15 .04 
390 7 , 54 ll. 79 13.83 14 .47 15 .10 45 14 .55 13 .48 
391 7 ,94 12 ,14 14.26 14,87 15 .36 46 15.28 14 .33 
392 8 . 41 12 .56 14. 74 15 ,22 15. 73 47 16 .07 14 ,92 
393 7.85 12 .07 14.33 14,83 15. 42 4e 15.83 14.61 
394 7 .39 11. 72 13 ,99 14 .56 15.21 49 15 .03 13 ,79 
395 7 , 42 11,70 13 .87 14 ,40 15.09 SC 15.55 14 .84 
396 6 .73 ll.19 13 ,35 13 ,95 14 ,57 51 15 .58 14. 52 
397 6 . 57 11.19 13 .40 13 ,99 14 ,74 52 15.39 14 .38 
398 7 .86 12 . 40 14 .32 14 ,98 15.44 53 15 ,30 14 .26 
399 8 . 56 12 .93 14,88 15.36 54 15.18 14 .15 
40o 7 . 74 12 .20 14 .30 14.95 15 .41 55 15 .00 14 ,0l 
401 6 .36 ll ,00 13 .40 14 .13 14 .95 56 15.67 14 ,84 
402 6 . 77 11.13 13.30 14,00 14. 66 57 15 .31 14. 41 
403 9 . 58 13. 6o 15. 13 15 .31 15.6o 5e 15.o6 14 .07 
404 9 ,79 13 .87 15 .39 15,71 16 .05 59 14 .53 13 .47 
405 9 .66 13.64 15 .05 15.27 15 .56 6o 15.25 14 .30 
4o6 10. 88 14 .14 14 ,94 14 ,90 15 .04 61 16 ,09 15.04 
407 11.15 14.26 14 ,96 14 .95 15.10 62 15.83 14.82 
408 11.63 14 .73 15 .40 15. 50 15.37 63 15 .63 14 ,70 
409 10 , 84 14.26 15 .18 15.25 15.49 64 15. 45 
410 11.02 14.33 15.32 15. 41 15. 52 65 15.34 14 .30 
62 
Run if 1-!!6 2- IC 3- HB 4- HB 5- EB 6- l!E 7- HB 8- HB 9-HB 10-l!ll 
Piezo . Pres . Pre Pres . Pres . Pres . Piezo . Pres . Pres . Pres . Pres . Pres . 
No . Head Hea Head Head Hct.d No . Head Head Head Head Head 
411 12 .11 15.3 15 .51 15 .46 15 . 46 66 15 .12 
412 12 .09 14 . 3 15 .58 15 . l,9 15 . 52 67 15 .co 
413 10 . 5f 14. -., 15.18 15 .25 15.42 209 14 . 70 14. 81 11i .02 13.59 15-!9 
414 10 .46 14 . ~ 15 .16 15 .20 15.42 210 16 .C3 16 .22 15 . l,6 15 .02 15.69 
415 10 .49 14 . ,6 15 .22 15 .37 15. 73 
416 10 .75 14. 6 15 . 57 15. 77 15 .88 211 14 .67 111 .81 14 .11 13 .50 14 . 42 
417 10 . 59 lll , 0 15.26 15. 44 15. 71 212 15 .99 16 .24 15 . 45 l 4 .S5 15. 92 
418 10 .63 14-J 15.18 15.31 15 . 49 213 14. 71 14 .99 13 .50 14.83 
'•19 10 .65 14_8 15 .26 15.23 15. 49 214 15 .21 15.33 14 .58 l3.l1J 14 .66 
420 10.68 14-6 15.20 15 .19 15.29 215 15. il6 14 .87 14 ,01 12.6:l 14. 0() 
421 10 .29 13-•8 15.07 15. 11 15 , llQ 216 14 .92 15.09 12 .92 14 .24 
'•22 10 . 1,2 14 ... 5 15.15 15 .25 15 . 41+ 217 16 .79 15 .96 13 .91 
423 10 . 43 13-·7 15 .o8 15 .07 15 .38 218 14 .35 14 ,91 13 .32 
424 10 .27 13-"2 15 .02 15 .14 15.36 219 l b . 96 13 .42 
1,25 10 .29 13 3 15.10 15 .16 15 .39 220 15.23 15 .21 12 .99 
426 10 .57 11, _-2 15.28 15 .41 15.70 221 15.32 13 .25 
427 10 .97 14_;1 15 .65 15 .70 15 .99 222 15. 43 15 .67 13.32 I 
428 10 .61 l h-"6 15 .40 15. 44 15. 71 223 15. 78 14 .31 
429 10 .3J 14 ~1 15 .12 15.22 15.36 224 16 .04 
430 10 .32 13-"5 15 .01 15.15 15 .33 225 15 . 79 14 .25 
431 6 .53 10.39 12.91 13 .54 14 .23 226 15 .46 13 .76 
432 6 .118 10..34 12.79 13 .86 14. 55 227 14 . ')6 13 .39 
433 8 .51 12 -3'0 14 . 47 14 .85 15 .25 228 15 .01 13 .30 
434 8 .47 12-CJO 14. 47 14 .88 15 .07 229 15 .14 13 .53 
435 6 .18 10~5 13.01 13 .94 14.64 230 14.40 13 .51 
436 6 . 40 10 -4'6 12 .75 13 .48 14 .09 231 15 .61 13.93 
1•37 6 .34 10 3 1 13 .11, 14 .07 14 .58 232 15 .79 14 .13 
438 8 . 49 12 37 111 .36 14 .72 15.o6 233 14.92 14.97 14 .21 12 .72 14 .09 
439 8 , l12 12 33 llL 44 14.69 15 .o8 234 15 .03 15.18 
440 6 .48 11 .::>3 13 . 49 14 .16 14 .62 235 15 .41 15 . 52 14 .64 13 .01 14. 47 
441 5.95 10 i'6 13 . 50 13 .71 14 .oo 236 15.68 15 .82 
h42 5.97 10 .JO 13 .49 13 . 71 14 .oo 237 15 .Bo 15 . 10 13 .56 14 .97 
443 7 .28 1215 13 .88 13 .96 14.23 238 15 .66 
441, 7 . 25 12 .::>3 13.78 13 .82 14.98 239 15.42 14 .67 13 .21 14 . 53 
l145 6 .c2 11.::>8 13 . 45 13 .67 14 .03 240 15.07 
446 9 -99 12 37 13 .11 ll. 97 11 .13 241 14 .82 19 .38 
447 8 .84 12 27 12 .10 11 .29 lC .67 2112 14 . 75 
448 9 -;0 12 ->l ll .h5 9 .39 ~ . 53 243 15 .58 10 .42 
449 8.67 10 511 11.00 10 . 52 l C .38 2411 15.37 
450 8 .19 11 :J8 10 .02 9 .12 s- .23 245 9 .39 
451 6. 71 11 •J1 12 .65 12 .23 ~ -35 246 15 .36 
452 6 .86 1137 12 .30 12.15 lL20 247 15 .53 9 .c1 
453 6 .93 11 24 12 .31 12 .20 12 .23 248 14 .91 
45!1 7 .05 11~3 12 .15 12 .00 12 .o6 249 14. Bo 14 . 71 13 .46 9 .c2 11 .89 
455 7 .69 12 .26 11.13 10 .35 250 15.11 15 .02 13 . 75 9 .45 12 .24 
456 7.97 10511 11 .20 10 .72 10 .48 251 15. 41 15 .32 14 .oo 9 .65 12 .53 
457 7 .61 11 ~l 12 .04 11 .11 10 .38 252 15 .12 15 .03 13 .62 9-~0 12 .15 
458 6 .95 J.L::ll1 12 .24 12 .00 12 .06 253 14 .94 14 .73 13.49 8 .64 11.77 
459 6 .68 10?2 12 .21 12 .09 12 .06 254 15.29 15 .06 13 .Bo 9 .05 12 .17 
46o 6 .8o J.L::l9 12 .24 12 .06 12 .13 255 15 .64 15. 49 14 .20 9 .65 12.76 
461 1. i.2 lLJJO 11. 62 11 .37 i:. . 43 256 15.30 15.11 13 .83 9.20 12.27 
462 7 ,22 J.OP59 11. 48 11 .30 i:. .20 257 111,96 14 ,75 13 .44 8 .59 11 .78 
463 7 ,01 l.0-6o 11.65 11 .26 i:. .01 258 15 .28 14.o8 13 .89 9 .o6 12.17 
464 7.32 lo-63 11.58 11 .33 1.:..29 259 15.62 15. 50 14. 11 9 ,!8 12 .42 
!155 7.74 lcr/2 11.71 11. 59 L.40 26o 15.29 15 .10 13 .74 9 .20 12 .22 
1166 7 .75 lo-67 11 .42 11 .31 L ,21 261 15.01 14 .82 13 .48 8 .68 11.78 
467 7.29 l.Cl:23 11.23 11.03 i:. .01 262 15.35 15 .09 13 .83 9 .20 12.24 
468 7.70 1_0c59 11 .47 11.29 12.23 263 15 .69 15 .50 14.13 9 .19 12.34 
l1S9 7.89 1C>8o 11 .79 11 .59 12.53 264 15.41 15 .16 13 .86 9 .12 12 .22 
470 7 .70 1n 44 11.31 11.18 10 .99 265 15 .04 14 .79 13 . 41 8 . L7 11.68 
471 6 .97 ~81 10 .8, 10 .77 10 .79 266 15 .32 15 .13 13 .81 9 .13 12.21 
472 7 .81 lC 52 11 . 44 11 .21 11 .15 267 15 .62 15.46 14 .13 9 .54 12.53 
1173 8 .01 lC 78 11 . 75 11 .61 11.53 268 15 .35 15 .10 13 .69 8.72 11 .98 
474 7 .72 1C 27 11 .09 10 .89 10 .86 269 14 .99 14 . Bo 13 . 41 8 . J,8 11.70 
h75 7.04 5- 61 10 .59 10 .44 10 .44 270 15.38 15 .16 13.Bo 8 .82 12 .09 
476 7 . il6 lC 51 11.31 ll .lli 11 .o8 271 15 .72 15 . 48 14 .14 9 .28 12 .54 
1177 8 .09 l C 96 11 .52 11. l10 272 15 .33 15.19 13 . 74 8 .92 12 .09 
478 7 .76 l C 13 10 ,97 10.85 l •) . 71 
479 7 .28 ~ 49 10.45 10 .36 389 15 .97 14. 72 13 .42 8 .68 11.74 
48o 7 .97 1C39 ll. 2L 11.13 11.06 390 15 .o6 1>, .86 13 .48 8 . ,4 11.81 
481 8.11 lC 50 11.37 11.24 12 .16 391 14. 41 15.12 13 .85 8 .91 12.09 
482 7 . 78 lC 04 10 .85 10 .72 1) ,55 392 1>1 . 78 15 . 52 14 .16 9 .34 12 . 45 
483 7 .37 ~ 55 10 .38 10 .33 1).20 393 15 .35 15 .17 13 .81 9 .04 12.15 
484 7 .99 lC 31 11.17 11.03 1).9l 394 15 .18 111.96 13 .55 8 .8h 11.94 
ll85 8.J2 1C34 11 .14 ll.o6 1) .95 395 15 .02 14. 76 13 .44 8 .72 11.77 
486 7.51 ~ 83 10 .58 10 .42 1). 43 396 14 .62 14 .26 12 .Bo 8 .22 11.01 
487 7 .52 ~ 57 10 . 1,:. 10 .35 1) .25 397 14 .79 14 .36 12 .93 8 .19 11.02 
488 7 .97 1C2?. 11.00 10 .89 1) .74 398 15 . 42 15 .29 13 .90 9 .07 12 .17 
489 7.94 J.C.18 10 .99 10 .88 1:) . 73 399 15.84 15 . 611 14 .34 9 .41 12. 75 
490 7.85 lC.01 10 .88 10 .70 10 .61 4oo 15.34 15.16 13 .76 8 .83 12.11 
491 7 .73 S..89 10 .79 10.58 1:) .37 ll()l 14 .76 15 .27 12 .88 8 .12 11.07 
492 7 ,93 J.C.09 10 ,91 10 .76 10 . 611 402 14.63 15.02 12 .89 8 .23 ll. o6 
493 7 .69 8o 10 .63 10 .49 10 .34 403 15.62 16 . 10 14 .61 9 .91 13 .38 
,~94 7 .86 96 10 .Bo 10 .68 10 . 55 404 15 .99 16 .28 14 .91 10 .o8 13 .70 
495. 8 .02 lC..16 10 .95 10.90 10.64 405 15 . 56 15 . 56 14 .61 9 .92 13 .35 
496 7 .86 lc..01 10 .82 10 .67 10 .49 406 15 .00 15 .15 14. 49 10 .78 14 .04 
407 15 .12 15 .28 14 .46 10 . 79 13 .82 
408 15 .49 15. 74 14 .93 10 . 71~ l 4 . 4S 
409 l; . 42 15 .54 14.71 10.63 13.9E 
410 15 . 51 15 .63 14. 75 10 .57 14 .~ 
63 
Run ,il 6-HB 7-HB 8-HB 9-HB 10-HB 6-HB 7-HB 8-HB 9-HB 10-HB 
Piez.o . Pres. Pres . Pres . Pres . Pres . Piezo . Pres. Pres . Pres . Pres . Pres . 
No. Head Head Head Head Head No. Head Head Head Head Head 
411 15.4o 15 .73 14.87 11.39 14.65 456 10 .68 10 .82 10 .77 9 .11 11.lb 
412 15.45 15 .73 15 .00 11.43 14.74 457 10 . 52 11.22 11 .55 8 .88 11 .42 
41,3 15.44 15 .50 14.66 10 .31 1,3.85 458 12 .27 12 .4o 11 .66 8 .31 11.22 
414 15. 43 15.51 14.73 10 .33 13.76 459 12 .22 12.26 11 .64 7 .90 11.00 
415 15 . 59 14.65 14.79 10.45 1,3.95 46o 12 .25 12 .29 11 .73 7.76 11.16 
416 16 .02 14.99 15 .oB 10.68 14 .23 461 11.42 11.6o 11 .12 8.20 10 .94 
417 15 .72 15. 66 14. 73 10 .42 13.87 462 11.34 11.46 10 .93 8 .14 10. 48 
418 15. 48 15 .6o 14. 54 10 .41 13 .91 463 11.12 11.39 11.15 8 .09 10 .65 
419 15.55 14.51 14.62 10.49 13 .96 464 11.4o 11.54 11.o6 8 .25 10.6~ 
420 15. 50 14.67 10 .48 13 .89 465 11.64 11.76 11 .12 8 . 41 10.71 
421 15 .36 15.39 14. 49 10 .32 13. 77 466 11 .32 11.46 10 .92 ·l0 .6o 
422 15 .37 15 .54 14.71 10 .31 13.82 467 11.19 11 .25 10 .64 8 .30 10 .21 
423 15.39 15 .48 14.58 10.34 13.78 468 11 .29 11.50 10 .95 8 .43 10 .59 
424 15.42 15.34 14.54 10 .17 13.67 469 11 .66 11.85 11 .20 8 .6o 10 .85 
425 15.34 15 .44 14.58 10 .12 13. 72 4•o 11.21 11.27 10 .71 8 .75 l0 . 4o 
426 15.69 15.70 14 .27 10.53 14.01 4~ 10.92 10.89 10.29 8 .17 9 . 76 
427 16 .02 l6 .o8 15 .11 10 .77 14.21 4•2 11 .38 11.41 10 .84 8 .87 10.52 
428 15 .72 15 .77 14.Bo l 0 .49 13.99 4"'3 11.59 11 .68 11.14 8 .94 10.76 
429 15. 50 15 .55 l 4 .6o 10 .22 13 .78 474 11 .07 11.12 10 .53 8 .84 10 .22 
430 15 .26 15 .54 14.42 10 .19 1,3.70 1~75 10.56 10.57 10 .03 8 .63 9 .57 
431 15 .22 1,3.91 12 .46 7 .96 10 .63 476 11.28 11 .36 10 .78 8 .93 10 .45 
432 15. 58 14.14 12 .48 7 .97 10 . 54 477 11.37 10 .92 8 .90 10.67 
433 15 .25 15 .20 1,3 .99 9 .30 12 .54 478 10.85 10 .99 10.38 8 .88 10.11 
434 15.27 15.18 13 .86 9 .42 12 .49 479 l0.4o 9 .83 8 .83 9.53 
435 14.74 14.18 12 .56 7 .90 10 .59 48o 11.l,3 11.19 10 .66 9 .00 10.41 
436 14.24 13 .81 12 .23 7 .90 10 .44 481 11.24 11.37 10 .83 9 .23 10.52 
1,37 14 .71 14. 42 12 .79 7 .96 l0.49 482 10 .63 10 .81 10 .26 9 .17 10.02 
438 15 .12 15.05 13 .87 9 .36 12 .51 483 10.30 10 .37 10 .82 8 .83 9 .52 
439 15 .19 14.99 12 .85 9 .33 12. 1,3 484 11.05 11.15 10 .46 9 .26 10 .29 
41!-0 14.71 14.37 12 .96 7.86 10.6o 485 11.oa 11.15 10 . 53 9 .16 10 .42 
441 14.11 1,3 .99 12 .88 7.66 10.59 486 10.54 10.71 10 .07 9 .01 9 .93 
442 14.0l 1,3 .98 12 .92 7 .72 10 .74 467 10.35 10 .34 9.85 8 .99 9.62 
443 14.22 14 .18 1,3 .34 8 .42 11 .99 468 10 .92 11.oa 10 .37 9 .21 10.18 
444 14.24 14 .20 13 .21 8 .24 11.90 469 10.81 11.01 10 . 54 9 .16 10.20 
445 14.16 1,3 .99 12 .93 7 .70 10 .91 490 10.75 10 .85 10.27 9 .16 10 .o6 
446 11.oa 11.59 12.74 10 . 57 12 .73 491 10 .63 10 .72 10 .17 9 .37 9 .90 
447 10.81 9 .72 11.78 10 .71 12 .50 492 10 .75 10 .86 10 .30 9 .18 l0 .o6 
448 9 .6o 10 .72 10 .65 10 .39 12 .24 493 10 .47 10 . 57 9 .95 8 .99 9 .85 
449 10.58 10.52 10 .10 10.94 494 10 .68 10 .77 9 .15 10 .03 
450 9 .68 9 . 75 9 ,73 11.94 495 10.79 10 .89 10 .34 9 .39 10 .23 
451 12 .38 12 .47 11.88 11. 42 496 10.55 10 .Bo 9 .20 9 .22 9 .99 
452 12.35 12 .39 11.76 11.16 
453 12.38 12.49 11.83 11,12 
454 12.32 12 .34 11. 66 11.11 
455 11 .47 11.34 
64 
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Model velocity - fps 
Run 2 - HB$ Q4 = 3. 05 c fs., 60% of total discharge; Qrelief valve = 2. 00 cfs, 40% of total disc;iarge 
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Run 4-HB 
Q4 = 0, 50 cfs, 20% or- total discharge; 
Qrelief valve, 2, OOcfe = 80% of total discharge 
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Run 3- HB 
Q = 1 J 40 cfs, 
Q:elief valve 
41 o/a of tota l disct:arge. 
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I I Model velocity - fps 
-f- I I Run 5- HB, Q4 = O; ~elief valve = 2. 1 O cfs, 100% of total discharge 8 --
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Model velocity - fps 
Q
1 
= 0, 50 c fs, 20% of total disc harge 
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Run 10- HB, Q1 = 3.04 cfs, 60o/o of total discharge; ~eli.e f valve= 2. 00 cfs, 40% of total dis charge 
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APPENDIX C -1 
PRESSURE HEADS ALONG MANIFOLD AND BYPASS RELIEF BRANCH WALLS 
WITH BUTTERFLY VALVE INSTALLED 
73 
Run # BF l-V BF 2-V BF 3-V 
Q 5.25 2 ,97 0 
Br. 4 cf& cf• 
Q 
Relle:f l.30 l.92 2.00 
Valve cfs cfs cfs 
Temp . 64°F 70°F 70°F 
Piez.o . Pres. Pres. Pres . 
No, Head Head Head 
165 ll.77 13 .?3 14.90 
166 12.52 14.26 15.29 
167 12 ,40 14.44 15.76 
168 u.36 13. ?3 15 .30 
177 10 .82 13.19 14 ,93 
178 12,00 14.oo 15.39 
179 ll ,19 13.75 15 .61 
l&l 9 .50 12 . 57 15.27 
18<; 8 .43 ll ,99 15.o6 
190 10 .07 13 .05 15.52 
191 9,81 13.07 15.71 
192 8 .09 11.93 15.27 
193 8 .17 11.8<; 15.20 
194 9 ,42 12.?3 15. 52 
195 10.24 13 ,39 15.87 
196 8 .96 12 .49 15.52 
197 8 .10 11.98 15.20 
198 9,44 12 ,?3 15.72 
199 10.o8 13.38 15.95 
200 9.07 12. 61 15.57 
38<; 8 . 54 12.16 15 .23 
390 15.27 
391 9,o6 12.53 15 .64 
392 9 ,38 12 ,94 16.04 
393 8 ,94 12. 50 15.59 
396 11. 53 14.81 
398 8 .69 12 .61 15.81 
399 9 ,41 13 .10 16.10 
JI()() 8 .69 12 .111 15.65 
403 9 ,84 15 .82 
404 10 .18 16.32 
405 9 ,91 15.84 
413 10.46 14,20 15. 64 
415 10.50 14.30 15.88 
416 10.83 14.63 16.21 
417 10.(,Q 14. 42 15.96 
424 14.o8 15.69 
426 14.44 16.00 
427 14.75 16.26 
428 14.43 15.85 
430 11~ . 02 
431 11.15 14 .39 
432 11,04 14 .77 
433 12 .85 15.44 
434 12.88 15.41 
1135 10.96 14.78 
1136 10 .96 14. 42 
437 11.00 14,94 
438 12.83 15.41 
439 12,84 15.32 
440 11.16 14. ?3 
441 11.25 14.34 
442 11.51 14.29 
443 12 ,46 14. 49 
444 12.27 14. 48 
PRESSURE HEADS ALONG MAN IFOLD AND BYPASS RELIEF BRANCH WALLS 
WITH BUTTERFLY VALVE INSTALLED 
BF 4- H BF 5- H BF 6- H BF l-V BF 2-V 
5 ,22 3.00 0 
:f's cfs 
l.30 2 .o6 2 ,05 
cf• cfs cfs 
70°F 70°F 70°F 
Pres , Pres. Pres. Piezo Pre• . Pres . 
Head Head Head No , Head Head 
12,70 14,04 15 .32 445 ll ,00 
13,41 14. 75 15 . ?3 446 13.18 
13 .39 14, 75 16.ll 447 12 .63 
12 .38 14,0l 15 .68 448 12.63 
ll ,72 13 .56 15 .41 449 ll,07 
12.87 14.37 15.79 450 ll, 62 
12.18 14,ll 16.06 451 7, 74 ll,83 
l0,38 12 .90 15 .67 452 7 .76 ll, 611 
~-51 12 ,27 15.45 453 8 .02 11.65 
ll ,o6 13 .40 16.05 454 8 .28 11,70 
10.&l 13 .41 16.15 455 8 .92 
9 ,o8 12,14 15 .67 456 9 .o8 11.38 
9 ,20 12 .23 15 . 56 l157 8 .87 11.75 
10 ,40 13.05 15.99 458 8 .34 11. 63 
11 .23 13 .58 16.35 459 7.99 11. 43 
9 , 8<) 12 .76 15 .93 4(,o 7.91 11. 55 
9 .23 12,22 15.64 461 8 .35 11.27 
10 .43 13 ,09 16 .02 1162 8 .26 10,99 
ll. 20 13 .69 16 .43 1163 8 .32 11.09 
10.14 12.90 16.01 464 8 .45 11.09 
9. 52 12 .43 15. 52 465 8.55 11 .13 
15.72 466 8 .70 ll.01 
9 . 8<) 12,92 16.o8 467 8.42 10.65 
10.30 13.16 16.40 468 8 . 67 11.04 
9 ,98 12.92 16.04 469 8 .81 11 .17 
9 ,14 11.75 15 .21 470 8 .85 10 .87 
9 ,95 12 ,99 16.10 471 8.32 10.30 
10.24 13. 46 16. 53 472 8 .84 10 .81 
9 ,&l 12.76 16.01 4?3 8 .90 11 .03 
10 .86 13.97 16.19 4711 8 .88 10. 61 
10.07 14.31 16. (,Q 475 8 .57 10.04 
10 .91 14.09 16.22 476 8 .93 10,90 
11.29 14.52 16.10 477 8 .61 10 .87 
11,41 14.59 16.28 478 8 .99 10,46 
11. 72 14,91 16.63 479 9 ,93 
11. 42 14.55 16.28 l1&J 8 .91 10.70 
ll,o6 14.40 15 .93 481 8 ,95 10 .84 
11.46 14.70 16.38 48e 8 .91 10 .32 
11 .78 15.02 16.62 483 8 .71 9,94 
11, 47 14.64 16.35 484 9 ,o8 10.66 
485 8 .91 10.67 
8.88 ll.18 14.81 486 8.92 10.33 
8 . Se 11,19 15.12 487 8 .76 10 .03 
10 .18 13.23 15. 88 488 9 .03 10.59 
10 .37 13 .24 15 .88 48<; 9,02 10.53 
8 .86 11 .08 15.22 490 8.99 10,40 
8 ,87 11 .13 14,77 491 8 .97 10.30 
8 .79 ll,18 15.21 492 9,00 10. 45 
10 .13 13.16 15.76 493 8.85 10 .21 
10 .24 13 .18 15 . ?3 494 9 ,02 10 .38 
8 .81 11 .25 15 .23 •95 9 .20 10 .58 
8 .43 11 .22 14. 62 •96 8 .97 10 .37 
8.52 11 .38 14.61 
9 .20 12 .65 14.8<; 
9 .17 12 . 54 14,77 
74 
BF 3 - V BF 4-H BF 5-H BF 6-H 
Pres. Pres, Pres . Pres. 
Hea d Head Head Head 
14 .30 18.49 ll,71 14 .63 
ll.30 ll.68 13 .61 ll .20 
10 .65 10 .82 13 .17 10,96 
10 .28 ll,51 12 ,92 10,29 
10 .(,Q 10.&l ll ,57 10.88 
8 , 53 10,70 ll, 29 9,34 
ll ,44 8 .?3 12 ,02 11.75 
12 . 46 8.?3 u .8<; 12,69 
12 .56 8 .&l 11 .82 12.72 
11,19 9 ,07 11 .77 12 ,47 
10 .48 9,27 10 .88 
10.57 10,14 ll ,68 10.8<; 
11.50 9,71 ll,95 10,24 
12 .28 9.13 ll,72 12 .00 
12 .41 8 .75 ll,52 12.53 
12.26 8 .65 11.62 12,64 
11. 52 9 .11 11.45 11.&l 
11. 41 9 .15 11,09 11.56 
11.15 9 ,14 11.16 11. 48 
11 .53 9.18 11.23 ll. 76 
11.67 9,54 11 .36 11.99 
11 .40 9 , (,o 11 .12 11. 55 
ll,29 9 ,38 10 ,77 11 . 48 
11,48 9.56 11 .09 11 .66 
11 ,79 l2 .o8 
10.30 11. 43 
10 .86 11.21 
10 .47 11.66 
ll.75 9 ,92 12 .00 
11.20 9 ,&l 11.35 
10,64 9 ,59 10.83 
10 .41 9.92 11.65 
11.55 10 .16 11.85 
11.02 10 .62 11,20 
10 . 53 10 .03 10 .68 
11.32 10 .84 11.48 
11.34 11.62 
10 .87 11 .12 
10,40 10. 58 
10.18 11.36 
11.18 10 .05 10 .82 11 .46 
10.72 9 .97 10 .29 11 .01 
10 .48 9 .95 10 .02 10.69 
11.05 10 .12 10 .?3 11.31 
11.02 11 ,29 
10 .76 11.12 
10.72 10.8<; 
10.90 11. 13 
10.58 10,94 10,29 10 .82 
10.81 10 ,02 10.46 11.02 
10 ,99 10 .23 10 ,64 11.16 
10 .82 10 ,02 10 .47 11 .02 
APPENDIX C - 2 
VELOCITY DISTRIBUT IONS WITHII, MANIFOLD AND BYPASS RELIEF BRANCH 
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Run BF 1V, Q4 = 5. 25 c fs, 800/, of total disc harge ; ~eli.ef valve= 1. 30, 20% of total discharge 
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Model velocity - fps 
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Model velocity - fps 
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Model velocity - fps 
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Model ve locity - fps 
Run BF 6H, ~elief valve = 2. 05 cfs, 100% of total discharge 
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